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THE ELECTROPHORETIC MOBILITY OF HUMAN 
ERYTHROCYTES— raOLE CELLS, GHOSTS, 

AND FRAGMENTS 

Bv W H BYLU? ASH II M ROZEMDAAL 
(from the Research Laboratory^ General Ucctric Company, Schenectady) 

(Accepted for publication, June 8 1938) 

The results of some preliminary cipenments, involving comparison 
of the electrophoretic mobility of the ghosts (stromata) of human 
erythrocytes with whole cells, and of the fragments of cells with whole 
cells and ghosts, are reported m this paper Abramson (1) found that 
ghosts have the same mobility as whole cells in buffered isotonic 
suspension This observation has been confirmed However, we 
have obsened marked differences when a foreign scrum is present 
Fragments of ruptured cells differ in mobility from the onginal cells, 
even m the absence of foreign material These results suggest a new 
approach to the study of the composition and structure of the red 
cell wall, and a possible new method for cbnical study of blood m 
disease 

A modified Northrop Kunitz or Abramson microelectrophoresis 
cell was used The method has been adequately desenbed by Moyer 
(2) Measurements on seven different suspensions of normal cells, 
in m/15 phosphate buffer at pH 7 4, made on 5 different davs, gave 
values of mobility in p/sec /volt/cm at 2S'’C , rangmg from 1 25 
to 1 31, with a mean value of 1 29 This compares with the standard 
value of 1 31 given by Abramson (1) and Moyer (2) Each result 
reported is based on a number of individual observations The 
standard deviation for normal whole cells vaned between 2 4 and 
5 9 per cent 

Ghosts and Whole Cells 

Normal cells suspended m ir/15 phosphate buffer at pH 7 4 were 
hemol) zed by two methods involving no change of chemical composi 
tion of the medium, ultraviolet irradiation and dilution The latter 
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method was used m most cases Some of the cells resist hemolysis 
for hours so that simultaneous measurements on whole cells and 
ghosts may be made Within the limits of experimental error, no 
difference was ever found between the mobilities of ghosts and whole 
cells m pure salt suspension Neither was any difference found when 
4 per cent human serum was added to the buffer solution 
Upon adding chicken serum to a diluted suspension of human red 
cells, the mobihty of the ghosts decreases while that of the whole cells 
remains unchanged The mean mobility of the ghosts decreases with 
time, and, after a few hours, many of them exhibit irregulanties on 
the surface These may be fragments from ruptuied cells clmging 
to the surface or cell material resulting from extrusion Whatever 


TABLE I 

Effect of Chicken Serum on Human Red Cell Ghosts tn u/30 Phosphate Buffer 


Serum j 

1 

j e(/i/scc /vo!t/cm ) 

Difference 

Whole cells 

Ghosts 

ptr cen( j 




ptr cent 


2 1 

1 57 


1 47 

6 4 


6 

1 57 


1 33 

IS 3 


8 

1 47 


1 10 

25 2 


10 

1 51 


1 00 

33 8 



the source, such irregular cells usually move more slowly than smooth 
cells But, even before any rough cells appear, mdividual differences 
are much greater between ghosts than between whole cells These 
facts place hmitations on any effort to study quantitatively the 
variation of the effect with serum concentration However, the 
nature of the mechanism is of such mterest that such a study was 
undertaken 

A standard technique designed to avoid possible variations due to 
method of mixmg, concentration of salt, and timing, was adopted 
Whole cells were measured withm 20 minutes after mixing, and 
ghosts between 30 and 90 minutes The results are given m Table I 
With this method, it was not possible to get significant results below 
2 per cent serum, because of experimental error The linear variation 
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With scrum concentration appears to indicate a mechanism mvolvmg 
a chemical type change Howcacr, nothing is known about the 
concentration of active matenal, and equilibrium is not attained 
Therefore, a simple mechanism invohang adsorption of a substance 
giving a lower over all charge density is not excluded 

Whole cells may be kept at room temperature m m/15 phosphate 
buffer for only a relatively few hours without diange of mobility 
By reducing the temperature to 6°C , a suspension was kept for 7days 
watliout change With this method, the normal rate of change can 
be so reduced that any effect due to simple adsorption should be ob 
servablc But a 1 per cent foreign scrum sample was kept for 1 1 days 
wathout appreciable decrease of mobility of whole cells and with no 
difference between ghosts and whole cells It is, therefore, con 
eluded that there is no direct effect on mobihty of the cells from 
adsorption of foreign serum At room temperature the active matenal 
in the foreign scrum serves to catalyze a change which takes place 
even in its absence Apparently, only ghosts arc capable of reacting 
with the catalyst Important information may be obtainable by 
testing known compounds for catalytic action 

Suth a response to foreign serum suggests that abnormal substances 
resulting from disease may possibly be capable of catalyzmg the 
reaction A few samples of blood of patients were exammed, and 
small effects were indicated in some cases, but the number of observe 
tions was not sufficient to allow definite conclusions 

Fragments and Whole Cells 

Some cells break up m m/30 phosphate suspension to yield frag 
ments of V arying size The behavior of fragments m pure salt sus- 
pension IS similar to that of ghosts m foreign scrum suspension — a 
marked decrease m mean mobihty with time obtams and different 
fragments vary widely The results from one experiment are sum 
manzed in Table II It seems significant that the fragments have 
the same mobility as the ghosts immediately after breakmg off This 
indicates that the interior surfaces are similar m structure to the 
extenor, and perhaps identical The relationship appears to be 
mdependent of hemolysis for fragments were produced mechanically 
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by grinding in a mortar in a m/ 15 suspension, with essentially the 
same result 

At the outset, it was thought that adsorption of serum proteins 
by the fresh surfaces could account for the decreasing mobility of 
fragments Serum-coated quartz particles were found to have a mean 
mobility of 0 81 m m/30 phosphate 4 per cent serum suspension 
With this m mind, a series of experiments was run with the normal 
amount of serum, with all serum washed out, and with excess serum 
But the results were always similar 

The mechanism of this change is probably similar to that which 
accounts for the behavior of ghosts m foreign serum and of whole 


TABLE n 

Change of Mean Mobility of Fragments with Time 



Time interval after diluting (min ) 

0-20 

20-30 

30-90 

135-150 

Mean mobUity (g) 

(fi/sec /volt/cm at 2S°C ) (J) 

1 57 

1 55 

1 16 

1 46 

0 91 

0 69 


cells on long standmg A chemical change, with which the decreased 
mobility IS associated, possibly simply a rearrangement, is normally 
proceedmg slowly even m whole cells Upon hemolysis, the cells 
are able to adsorb certain substances which catalyze the change 
After disintegration of the cells, the change proceeds more rapidly 

SUMMARY 

The electrophoretic mobility of human red cell ghosts decreases 
m the presence of chicken serum The decrease is not directly due 
to the presence of adsorbed material but to a change which is cata- 
lyzed by the foreign substance It is suggested that abnormal serum 
materials resultmg from disease may serve as catalysts 

Fragments of broken cells have the same mobility as whole cells 
at first, then decrease even m pure salt suspension, while the whole 
cells remam essentially unchanged for hours 
The results suggest that the slow change of whole cells, the change 
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of ghosts in the presence of foreign serum, and the change of frag 
ments are all manifestations of the same modification of structure 
or composition of the cell surface 

We msh to express our appreaationof the help and encouragement 
given b> Dr W R ^Vhltney 
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INTENSITY DISCRIMINATION IN THE HUMAN EYE* 

11 The Rewtiov beto-een AI// and Intensity tor DirrERENT 
Parts of tbe Spectrum 

SEUG HECirr, JAMES C PESKIN, akd MARJORIE PATT 
(r rom the Laboratory of Biophystcs^ Columbia Utiiversity^ New } ork) 

(Accepted lor publication Apnl 26 1938) 

I 

Purpose of Tilts Research 

When I and T + Af arc two light intensities which can just barely 
be recognized as different, then the fraction AT/I is considered the 
measure of intensity discnmmation The value of this fraction and 
Its relation to the mtcnsitj I have been the subject of many researches, 
and these have established that as the intensity I increases, the frac- 
tion AT /I decreases, tending toward a minimum value at the highest 
intensities This is true not onI> for the human cj c, but for all other 
organisms thus far studied, namely. Drosophila, the bee, and Mya 
(for a summarj', see Hecht, 1937 o) 

Besides the general relation oT AT/I to I, the human eye shows an 
additional phenomenon due to the duality of its retinal structure 
There seem to be two relations of AI/I to I, one at the lower in 
tensities representing rod function, and the other at high intensities 
representmg cone function This rod cone dichotomj is apparent 
in nearly all the published measurements from the earliest by Aubert 
(1865) to the most recent of Stemhardt (1936) In addition, Stem 
hardt showed that the double function appears only in measurements 
with central visual fields larger than 2°, while the smglc function 
appears with fields smaller than 2°, and this corresponds to the pres- 
ence of rods and cones in the larger fields, and to the complete absence 
of rods in the smaller fields Moreover, the extent of the low intensity 
rod section increases with the size of the field because of the mcreasmg 
number of rods present m companson with tbe number of cones 

•Tbe fiist paper m this senes is by Stemhardt (1936) 
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The rods and the cones possess different sensibility distnbutions 
in the spectrum, and this has been used to separate the two systems 
m measurements of dark adaptation (Kohlrausch, 1931), intermittent 
stimulation (Hecht and Shlaer, 1936), visual acuity (Koenig, 1897, 
Hecht, 1937 a), and mstantaneous threshold (Blanchard, 1918, 
Hecht, 1937 b) For mtensity discnmmation this would mean that 
m measurements made with extreme red light, the relationship be- 
tween AI/I and I would be a single high mtensity function even when 
the field is large, while with other parts of the spectrum more and 
more of the low mtensity section should appear as the wavelength 
of the hght moves toward the blue The data of Koenig and Brodhun 
(compare Hecht, 1935) show precisely this for red, orange, yellow, 
and green fights However, their data (Koenig and Brodhun, 1888, 
1889) with blue, violet, and even white fights show no break between 
the higher and the lower intensities, mstead the pomts form a flat 
contmuous function which corresponds neither to their own measure- 
ments with the other colors, nor with those of Blanchard, of Aubert, 
and of Steinhardt with white hght We have therefore investigated 
the situation anew, making measurements not only vuth different 
parts of the spectrum, but with white hght as well, m order to establish 
the relation defimtively, and to confirm the identification of the two 
sections of the function 


n 

Apparatus 

We started with the actual matenak of Stemhardt’s onginal apparatus B, 
and rebuilt them into a new instrument^ Steinhardt used two hght sources, 
one for I, and the other for A7 This mtroduces obvious difficulties m control 
Our apparatus therefore uses only one hght source A diagram of the optical 
system is shown m Fig 1 

The hght source S, which is a glowmg ball of tungsten m an arc furmshed by 
a Punkthcht, is at the prmapal focus of the two lenses L and L' These tvo 
lenses then start completely symmetncal optical paths The hght emergmg 
from the lenses L' and L is reflected by the prisms Pi and P 2 respectively, and is 
brought to a focus at Si on a half-silvered mirror by means of the lens pair Li 
and £ 2 , and the correspondmg Li and L^' At Si the two images of the source 

^In domg this we had the help and advice of Dr Simon Shlaer, to whom ve 
gratefuUv acknowledge our mdebtedness 
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o\erhp The reflected light of one and the transmitted light of the other then 
tra\ erse a common path to the ocular, O, which focuses an image of Si at Si jn 
the phne of the pupil of the c> c 1 he si*,c of the image S is about 1X15 mm 
This image becomes an artificial pupU, since its site remams constant at all mtensi 
tics, and it is smaller than any pupil site achieved even bv the most intense 
illumination 

^\^lat the eje C sees ma> be made out m terms of the dashed construction 
shown m the figure A point on the lens Lt, which is at the focal distance of the 





Fig 1 Diagrammatic top vacu of the apparatus S is the light source, and 
Si and Si are its two double superimposed images formed by the two trams of 
lenses Z, L\ and L' L\ , and the ocular 0 Pi and Pi arc right angled 
pnsms, Sh is a shutter, D a diaphragm, H' is a neutral wedge and B its baLancer, 
M is a half silvered mirror F\ to Fj arc neutral filters MF is a monochromatic 
filter The actual appearance of the field to the c\ c £ is shown in the lower right 
comer 

lens Li produces a parallel beam which is reflected or transmitted at the mirror 
and forms an image by means of the lens Li in the front face of the ocular 0 In 
other words, the eye, looking through the ocular sees an image of either the lens L\ 
or the lens L\ or of both superimposed and the two ma> be brought sharpl> into 
focus The lens Li furnishes the inlensil> / and ii' the added intensit) A/ The 
appearance of the luminous surface of the lens L\ may be vTined by means of dia- 
phragm D to form an> chosen pattern We have found it convenient to have the 
diaphragm represent two half arclcs subtending avusual angle of 12 and separated 
by an opaque bar 3® m w idtli The appearance of the field is show n m the Inset 
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where the larger circle represents the prevailing intensity 7, and subtends an angle 
of about 40° at the eye The stippled half circles represent the pattern of the in- 
tensity A7 superimposed upon this field of view 

In the path of the A7 beam are a shutter Sh so that the duration of exposure 
of AI may be controlled, and a neutral wedge and balancer IF and B, having 
a range of 1 100 for the purpose of gradually varying the mtensitv of the AI beam 
In addition, the neutral filter Fi, which has a densitj of 1 may be inserted to 
decrease the intensity of the AT beam by 1/10 when this is necessary This is 
useful when the value of AI/I is verj' small On the other hand, when AI/I 
IS large, it may be necessary to insert the neutral filter Fz into the path of the 7 
beam Filter Fo also transmits 1 /lO, and is useful as well in makmg a companson 
of the absolute brightness between the 7 and AI beams 

The combmed 7 and AI beams pass through the monochromatic filters, MF, 
which are the Wratten monochromatic series 70-76 plus the Coming 428 already 
used (cf Hecht and Shlaer, 1936) for isolatmg different parts of the spectrum 
In addition, both beams pass through a senes of three neutral step filters, Fs, 
Fi, and Fb Filter F 3 has two steps whose densities are respectively 0 and 4 
Fi has five steps whose densities are respectively 0, 1, 2, 3, and 4 Filter Fs is 
m three steps whose densities are 0, 0 3, and 0 6 Thus, with the three filters m 
the position of 0 density the bnghtness is maximal The brightness may then 
be reduced m steps of 0 3 log unit down to a total density of 8 6, which easily 
covers the whole range of mtensities over which the measurements need to be made 
The lenses, pnsms, and filters, as well as the wedge, mirror, lamp, etc are 
properly set and housed m metal mounts so that no stray light is visible How- 
ever, m order to avoid the stray reflections from the lamp for reading the w'edge 
and ammeter, the observer sits in a cubicle open at the back, mto w'hich projects 
the ocular arm of the apparatus 

All the filters were cahbrated with a Martens polarization photometer, usmg 
the method described by Hecht, Shlaer, and Vemjp (1933) They were calibrated 
for each of the monochromatic filters separatel}’’, as well as for the white light 
The neutral wedge and balancer were also cahbrated with the Martens photometer 
for white hght and for each of the monochromatic filters 

In order to compare the AI and 7 beams, a diaphragm is inserted near Li 
and near Li', these diaphragms cut off symmetrical halves of the respective fields 
With filter Fs m position and filter Fi out, the wedge is moved until the two half 
fields match Knowmg the transmission of the Fz filter, and the brightness of 
the 7 beam, we secure the bnghtness of the AI beam at that position of the w edge 
From the cahbration curve of the wedge, one can then compute the value of AI/I 
for any position of the wedge and any combmation of Fi and Fo filters 

The maximum bnghtness achieved with white light is about 1,000,000 photons 
This was determined by makmg a binocular match with a semicircular field formed 
on an opal glass illummated with a lamp whose distance was vanable The nght 
eye looked at a half field m the ocular, while the left eye looked at the variable 
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companson field through an artifiaal pupil When the fields ^cre matched, the 
outside field was measured \Mth the Macbeth jUummometer 

in 

Procedure 

The obsen.cr was dark adapted for IS or 20 mmutes before anj measurements 
were made He then storted with the loncst illuminations and T\orked up to 
the highest The obscn.cr sat properlj shielded with his cbm m a rest and his 
c>c placed near the ocular, and looked ccnlnill> it the large field of intensity / 
for at least a minute until he was adapted to it The wedge was then placed at 
such a position that an e-tposurc of the A/ beam for 1/25 of a second b\ means 
of the shutter Sh produced an increase in bnghtness w hich was below the threshold 
The wedge was then moved to increase the value of A/, and an exposure made 
again This was continued at 20 or 30 second intervals until the position of the 
wedge was found at w hich the e\ c could just clearl> distinguish the pattern pro- 
duced b> the flash of the A/ beam The wedge was reset below the threshold 
and the obseriUtion repeated If the two readings were >ery near each other no 
third readmg was made, othennse, a third setting of the wedge was made and 
an average taken 

The Itttensitj was then increased 0 3 log unit, and the whole procedure repeated 
This was continued with increasing intensities untD the complete function was 
established Such a run took between li to 2 hours We made three runs 
each for fii e portions of the spectrum and for white light Before each run the 
match point of the / and Af beams was determined but this vaned onl> slightly 
oierajcar * 

IV 

Measurements 

Measurements \sere made with our own eyes, J C P and M P 
served as subjects for the whole senes of runs, while S H made 
the preliminary measurements as well as an occasional run which 
proved so similar to those of the other two observers that he did not 
complete the senes The data are gi\ en m Table I 

The measurements with white light are shown graphicall} in Fig 
2, where the points for M P have been lowered 0 5 log unit for con 
venience They are plotted as the logarithm of AI/I agamst the 
loganthm of the mtensity /, because only in this way can the nature 
of the results be realized in view of the enormous range of intensities 
covered and the rather large range of the fraction A/// B> plotting 
the data m loganthrmc form the percentage error occupies the same 



Relation between LI /I and I for Different Parts of Spectrum 
Central test field is 12° in diameter with 40° surround Exposure of LI is for 0 04 second 
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Space at all intensities and all values of hl[l Moreover, the form 
assumed bj the results is not changed by the actual numencal v alues of 
the fraction or bj the units in which the mtensity is measured 
The measurements with white light corroborate the worL of Aubert, 
of Blanchard, and of Stcinhardt in showing a sharp transition between 
the low mtcnsitj section and the high intensity section It is hard 
to understand whj the measurements of Koenig and Brodhun show 



Fio 2 Inten5itydiscnniinationforivluteljghtwhere/i5afidd40'’indiameter, 
and A/ is 12® in diameter exposed for 0 04 sec The points for M P have been 
lowered 0 5 log umt for convenience m keeping the two observers apart Note 
the two sections in each set of data, note ako that at high mtenslties A/ // reaches 
a constant mioimum The curves are all from the equation Af/J ~ dl + 
denved on theoretical grounds 

no breah, espeaally smcc their data with orange, yellow, and green 
hghts do show it With us the break has always shown up under the 
appropriate conditions, though it may be added that when Steinhardt 
first found a break m his measurements, it was unexpected because 
of our rehance on the data of Koemg and Brodhun When the oh 
server is tired and his fixation and attention are poor, he occasionally 
gives results which, like those of Koenig and Brodhun, show no 
dear break. This may have been the case also with the data of 
Holway (1937) 
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Another significant point about the measurements m Fig 2 is that 
the value of A/// does not rise at high intensities, but reaches a 
mmimum at which it remams no matter how high the brightness 
This also contradicts the measurements of Koenig and Brodhun who 
reported a rise m Af/J at high values of I However, this aspect 
of the matter is understood, the rise does not occur when adequate 
adaptation is allowed and when an adequatel}' large field surrounds 
the test field The nse also fails to appear m intensity discnmmation 
measurements isnth Drosophila (Hecht and Wald, 1934) and with 
the honey bee (Wolf, 1933) 

The data for the five selected portions of the spectrum are showm 
graphically m Fig 3 The mtensity scale on the abscissa is the same 
for all the colors, and is m Troland’s photon units (Troland, 1916) 
We obtamed these bnghtness values m two ways One was by the 
heterochromic matching of the monochromatic filters among them- 
selves and agamst white, while the other was by the superposition of 
the high mtensity cone portions of the data for the different colors, 
which assumes that a given bnghtness produces a given value of 
A7/J regardless of color The differences between the two methods 
were so small that, knowmg the errors of heterochromic photometr}', 
we have actuall)’’ used the superposition method m presenting the 
data The scale on the ordinates apphes only to yellow (575 mja), 
the orange (605 m^t) and red (670 m)u) measurements have been 
moved up by 0 5 and 1 0 log units respectively, while the green (535 
mju) and blue (450 mju) measurements have been moved down 0 5 
and 1 0 log units respectively The data m Fig 3 are those of J C P 
only because those of M P are essentially the same 

Judgmg by the measurements m Table I, it might seem that the 
lowest AI/I values achieved differ for the different spectrum portions 
This IS an artifact due to the arcumstance that the measurements 
were made over the course of man}’' months at odd times and m no 
special order Dunng this time the observ’^ers vaned to a certam 
extent, but what is more important, the shutter in the apparatus 
vaned because the apparatus was demonstrated frequently and this 
mvolved resettmg the shutter 'WOien this long penod vanation 
became e'vident, we dehberately tested the minimum A/// at high 
mtensities for the different colors at one sittmg The measurements 
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were made on the eje of J C P and the A/// values secured were 
0 338, 0 325, 0 136, 0 134, 0 129 for blue, green, jclloiv, orange, and 
red respectnely, tius gives a maximum variation of about 10 per 
cent from the mean, and is probably of no importance 



ioff / — P/iotons 

Fig 3 Inicnsit> discnmination (or the red, orange, yellow, and blue parts of 
the spectrum The ordinates apply to the yellon data m the middle those (or 
orange and red have been raised 0 5 and 10 log umts respective!} , and those 
for green and blue have been lowered 0 5 and 1 0 log umts respectively Note 
the increasing siac of the Ion intensity section with decreasing wavelength cor 
responding to the increasing sensibility of the rods in the short wave part of 
the spectrum The curves through the data are all from the equation used 
for Fig 2 

The form wluch the data assume follows expectation The meas 
urements with red light show only a smgle continuous intensity 
discnmination function The data with orange hght, however, 
already show a slight break quite comparable to that shown by Koenig 
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and Brodhun’s measurements, and the same is true of measurements 
with yellow light (c/ Fig 7 in Hecht, 1935) The data as a whole 
show that the extent of the low intensity section steadily increases 
as the spectrum goes from red to blue, and this is in conformity with 
the Duphcity theory as implemented by the spectrum sensibility 
curves of rods and cones 


V 

Phoiocheimcal Theory 

In addition to their relation to the Duphcity theory, these measure- 
ments, m their quantitative implications, are consonant with the 
theory developed for intensity discrimination m vision and photo- 
reception (Hecht, 1935) Essen tiall}^, this theory supposes that in 
order to discriminate between an intensity /, and another just per- 
ceptibly bnghter mtensity, I -f AT, a constant increment in the 
photochemical decomposition must take place in a given time when 
the photosensory system in the receptor is exposed to the added 
mtensity AT Since the exposure to AT is constant m these measure- 
ments, this IS equivalent to saymg that a constant initial photo- 
chemical change must be produced by AT, m order that its addition 
to I will be just perceptibly recognized 

Of the equations deduced in terms of such an interpretation, the 
one which fits the cones best by far is 

AI/I = c[l + l/iKI)W]z 

and it IS actually the curve for this equation which is drawn through 
all the cone data m Figs 2 and 3 This is the equation which orig- 
mally (Hecht, 1935) was found to fit Blanchard’s data, those of 
Stemhardt, of Koemg and Brodhun, and has since been found to 
descnbe the more recent data of Smith (1936) and of Graham and 
Kemp (1938) Its agreement with the present measurements is 
obvious 

The same curve has been drawn through the measurements of the 
rod sections One cannot be too sure of the rod curves, because the 
data do not cover a large enough range Stemhardt’s rod sections, 
as well as our own, are best fitted by this equation, however, this 
does not exclude a fair agreement with the other equations involving 
shghtly different exponents 
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The double loganthmic gnd on which the data are plotted is useful 
for companson with thcorj , because on such a plot the form of the 
cun’e resulting from the equation is invariant The constants c and 
A merely Cj: the position of the curve on the ordmates and abscissas 
respcctivel) , and companson between measurements and theory may 
be made by inspection without computing the numerical values of 
c and A The constant c is obviously the asymptotic value of A7/7 
at the highest intensities, and K is the reaprocal of the intensity at 
which AT /I is four times as large as Us mmimal value 
It IS to be noted that for the data with blue light, three pomts near 
the transition arc distmctly off the theoretical curve This phenom- 
enon has already been noted with intermittent stimulation (Hecht 
and Shlaer, 1936) These aberrant points cannot be attributed to 
summation of the effects of rods and cones, smee such a summation 
could just as well take place at the transition for white hght, for 
green, and for yellow, but is not evident in any of these functions 
There is some evidence that these points may represent the behavior 
of elements which have the spectrum visibility curve of rods but the 
threshold of cones, and are comparable to those described in the eye 
of a completely colorblind mdividual (Hecht, Shlaer, Smith, Haig, 
and Peskin, 1938) 


stmuASV 

1 A new apparatus is desenbed for measurmg visual intensity 
discnmmation over a large range of mtensities, with white light and 
with selected portions of the spectrum With it measurements were 
made of the mtensity AT whi^ is just perceptible when it is added 
for a short time to a portion of a field of mtensity I to which the eye 
has been adapted 

2 For white and for all colors the fraction AJ/I decreases as I 
mcreases and reaches an asymptotic mmimum value at high values 
of 7 In addition, with white light the relation between AT/I and 7 
shows two sections, one at low mtensities and the other at high m 
tensities, the two bemg separated by an abrupt transition These 
findings are contrary to the generally accepted measurements of 
Koemg and Brodhun, however, they confirm the recent work of 
Stemhardt, as well as the older work of Blanchard and of Aubert 
The abrupt transition is in keeping with the Duplicity theory which 
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attributes the two sections to the functions of the rods and cones 
respectively 

3 Measurements with five parts of the spectrum amplify these 
relationships m terms of the different spectral sensibilities of the 
rods and cones With extreme red light the relation of M/I to I 
shows only a high mtensity section corresponding to cone function, 
while with other colors the low mtensity rod section appears and 
mcreases in extent as the light used moves toward the violet end 
of the spectrum 

4 Like most of the pre\nously published data from various sources, 
the present numerical data are all described with precision by the 
theory which supposes that intensity discrimination is determined by 
the mitial photochemical and chemical events in the rods and cones 

BIBLIOGRAPHY 

Aubert, H , Physiologic der Netzhaut, Breslau, E hlorgcnstcrn, 1865, 394 pp 
Blanchard, J , The bnghtness sensibility of the retina, Phys Rev , 1918, 11, 81 
Graham, C H , and Kemp, E H , Brightness discrimmation as a function of the 
duration of the increment m intensity, J Gen Physiol , 1938, 21, 635 
Hecht, S , A theory of visual mtensity discnmmation, J Gen Phystol , 1935, 
18, 767 

Hecht, S , Rods, cones, and the chemical basis of vision. Physiol Rev , 1937o, 
17, 239 

Hecht, S , The instantaneous visual threshold after hght adaptation, Proc Nat 
Aead Sc, 19376, 23, 227 

Hecht, S , and Shlaer, S , Intermittent stimulation by hght V The relation be- 
tween mtensity and critical frequency for different parts of the spectrum, 
J Gen Physiol , 1936, 19, 965 

Hecht, S , Shlaer, S , Smith, E L , Haig, C , and Peskm, J C , The visual func- 
tions of a completely colorbhnd person, Avi J Physiol , 1938, 123, 94 
Hecht, S , Shlaer, S , and Verrijp, C D , Intermittent stimulation by hght II 
The measurement of cntical fusion frequency for the human eye, J Gen 
Physiol , 1933, 17, 237 

Hecht, S , and Wald, G , The visual acuity and mtensity discnmmation of Dro- 
sophila, J Gen Physiol , 1934, 17, 517 

Holway, A J , On the precision of photometric observations, J Opt Soc Aineriea, 
1937, 27, 120 

Koemg, A , Die Abhangigkeit der Sehscharfe von der Beleuchtungsintensitat, 
Sitzungsicr Ahad , Berlm, 1897, 559 

Koemg, A , and Brodhun, E , Expenmentelle Untersuchungen uber die psycho- 
physische Fundamentalformel m Bezug auf den Gesichtsmn, Sitzungsber 
Akad Wtsscnsch , Berhn, 1888, 917 



s iiraiT, j c PESKm, and m patt 


19 


Koenig A , and Brodhun, E , Expenmcntclle Untcrsuchungcn (iber die ps>cho 
ph>sische Fundamcntalformel in Bezug auf den Gcsichtsinn, Zweitc Mitthei 
lung Sil utissbfr Akad ]Vuscnsc/t Berlin, 1889, 641 
Kohlrausch, A Tagcsschen, Dinamcrschcn, Adaptation, m Bethc, A, \on 
Bergman, G Embdcn, G , EUingcr, A , Handbuch dcr normalcn imd patholo 
gischen Bh>*SJolo8ic Berlin, Julius Springer, 1931, 12, pt 2, 1499 
Smith, J R , Spatial and binocular effects m human intcnsit> discnmmation, 
J Gen Psyc/wl , t036 14,318 

Stcinhardt, J , Intensity discrunlnation In the human c>c I The relation of 
A7// to intcnsit>, y Gen P/iyiioI , 1936, 20, 185 
Troland L T , Apparent brightness its conditions and properties, Tr III Eng 
See , 1916, 947 

Wolf, E , The vnsual intensity discnminalion of the honey bee J Gen Physiol , 
1933, 16, 407 




LIMITING FACTORS IN PHOTOSYNTHESIS LIGHT AND 
C/VRBON DIOXIDE 

rMn. L. SMITH 

(From the Laboratory oj Btophysia Columbia Umrersity, New York) 
(Accepted for publication, Mn> 11, 1938) 

I 

INTRODUCTION 

It was r r Blackman (1905) who first recognized that in photo 
sjTithcsis where the "process is conditioned as to its rapidity by a 
number of separate factors, the rate of the process is hmited by the 
pace of the 'slowest' factor" ' In Icrms of this idea it was possible 
to identify two processes in photosynthesis, one, a photochemical 
reaction, and the other, a temperature sensitive (Blackman) reaction 
(Warburg, 1919, 1920, Emerson and Arnold, 1932), both involving 
chlorophyll in a cycle Using this cycle ns a first approwmation, 
kinetic descriptions have been developed for some of the properties of 
photosymthesis (eg , Baly, 1935, Burk and Lincweavcr, 1935, Smith, 
1937) Howevcr,no complete dcscnption, cither experimental or theo 
retical, has yet been given of the interrelationships of the different 
factors which may limit the photosynthesis rate 

The present paper deals with light intensity and CO concentration 
as limiting factors We mtend first, to show that this relationship 
may be derived from the equations which we have used to describe 
other properties of photosynthesis, and second, to present a senes of 
measurements which have been made to test the validity' of these ideas 

H 

TheoreUcal 

We have shown (Smith, 1937) that the measurements of photo 
synthesis rate (ji) as a function of light mtensity (/) or of COj con 

' Tull accounts of the controversy over Blackman's ideas arc given by botli 
Stiles (192S) and Spoehr (1926) in their monographs 
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centration at the stationary state can be described by the expres- 
sion 


p = kj{a^ - = IjlCOjli 


( 1 ) 


where a may be regarded as representing the total concentration of 
chlorophyll, and ^ the amount of chlorophyll activated by light The 
terms containing I and [CO2], describe the velocities of the light and 
dark processes If 1 is eliminated and equation ( 1 ) is solved for p 
as a function of I at constant [CO;], or as a function of [CO;] at con- 
stant I, we obtain equations which describe accurately the available 
data In loganthmic form, these equations are 


and 


log P = log prxa — 1/2 log 




log P = log pmh — 1/2 log 




( 2 ) 


(3) 


where the maximum photosjmthesis rates, pmo = IsiCOijfl and pmb = 
kja, Ki = ^i/^ 2 [C 02 ] and — kt/kil If log p is plotted against 
log I (or log [CO2]), the shape of the curve obtained is mdependent of 
the constants K and p„ 

This curve is hnear at low intensities, gradually cur\nng to a maxi- 
mum photosynthesis rate at high mtensities This maximum vanes 
wnth the CO; concentration A precise way of determining the limit- 
ing conditions is to secure a family of curves relatmg photosynthesis 
and mtensity at different CO2 concentrations and from them to find 
the relationship between the mtensity and the CO2 concentration 
required to produce a definite photos3Tithesis rate A famil}’- of CO2- 
photosjmthesis curves at different mtensities can be treated similarl}’’ 
If equation ( 1 ) has more than ad hoc value, it should be possible to 
predict from it the nature of the relationship to be expected 

Startmg with equation ( 1 ), ^ may be elimmated by substitutmg 
^/^;[C 02 ] The expression is then solved for [CO2] as a function of I 
when p IS constant This 5aelds m loganthmic form 


log A;[C0J = -1/2 log 





(4) 
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where Ai = kio/p and ^1. = I-a/p Equation (4) may be plotted as 
log [COjI against log / gi\ing a curve vrhose shape is independent of 
the constants Ai and A, which define the asymptotes Reversing 
the position of I and [COi] in the equation > lelds the same function, 
so that either vanablc can be considered as dependent or mdependent 
Equations similar to (4) but having somewhat different shapes may 
be obtained by cliangmg the exponents m equation (1) Where the 
terms for the light and dark processes are those of a simple first order 
nature, as m 

f - i./fa - i) - i,ICO.Ix (5) 

solving at constant p yields 



Where the exponents arc second order, as in 

( 7 ) 

solvmg as before, gives 

Iog4,[CW--21o6(l-;jpi^.) (8) 

The properties of equations (6) and (8) are similar to those of (4) 
and can be treated m the same way The curves obtamed from the 
three equations arc drawn for companson in Fig 1 In addition to 
these three curves, many others of different curvature may be obtamed 
by changmg the exponents for the light and dark processes Thus, all 
curves obtamed on the basis of a two process cycle are in agreement 
with the idea of hmitmg factors, the form of the curve depends on the 
nature of the functions which desenbe the light and dark reactions 
The log I and log [COJ asymptotes represent the mmima necessary 
to produce a definite photosynthesis value When either of these 
two vanables is greater than the necessary minimum, the magnitude 
of the other factor can be reduced accordmgly, until finally its mmi 
mum IS reached Smee the rate of curvature depends on the kinetic 
properties of the hght and dark processes, mformation on this point 
can be obtamed from the data It should be emphasized that such 
data present information somewhat different from that given by an 
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investigation of the effect of a single variable For the effect of light 
intensity (or [CO2]) on photosynthesis, equations ( 1 ) and ( 4 ) give 
curves which have the same slope at low intensities The two equa- 
tions differ only in their rate of curvature at high photosynthesis 



O ! Z 3 
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Fig 1 The relation between hght intensity and CO 2 concentration necessary 
for a constant amount of photosynthesis Curves A, B, and C represent equations 
(4), (6), and (8) The three curves are drawn to asymptotes 0 25 log units apart 

values as they approach the maximum rate By using the data of 
CO2 concentration versus light intensity, the kinetics of the process 
can be mdependently evaluated at all measured values of the photo- 
synthesis rate 

in 

RESULTS 

In order to test the theoretical curves developed in section II, it is 
necessary to have famihes of curves for photosynthesis at different CO2 
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concentrations and light intensities The data for four different 
photosvnthcsis values taken from earlier measurements (Smith, 1936, 
1937) arc presented in Tig 2 and Table I The curve for equation (4) 
has been drarni through the data 

Fig 2 shows good general agreement with the theoretical expecta 
tion at high photosynthesis values, but the range which these measure 
ments cover yields insufTicicnt information in the transitional region 
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Fig 2 The intensity and COi concentration at four log photosynthesis values 
given by the numbers on the curves The curve drawn is theoretical and is from 
equation (4) The data are (aten from Smith (1937) and are in Tahlel 


between the asymptotes at low photosynthesis values, this ts preasely 
where the least decisive evidence is given by the curves relating 
mtensity (or [COj]) and photosynthesis In addition, these data are 
expressed m terms of wet weight of tissue, and there may be 20 to 30 
per cent variation m photosymthcsis rate, thus affecting the relative 
position of each curve on the ordinate 
A new senes of measurements to ehminate these two objections was 
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therefore undertaken The photosynthesis of the fresh water plant 
Cahomha carohmana was studied as in the previous investigation, 
using the Warburg apparatus with the same methods for the control of 
light intensity and CO 2 concentration All of the measurements were 
made at 25 3°C 

In order to eliminate the variation caused by the use of different 
fronds, a measurement of the photosynthetic activity of each frond 
was made under standard conditions [CO;] = 2 90 X 10“'‘ moles per 
hter (Warburg buffer No 11), / = 123,000 meter candles All of the 

TABLE I 

Inlcustly and CO2 Conccnlralton for Conslanl Photosynthesis 

These data drawn in Fig 2 represent interpolated values from the measure- 
ments given in Tables III and IV of an earlier publication (Smith, 1937) The 
intensities m Table IV of that paper have been corrected for the absorption of the 
red filter (Corning No 246) as determined by measuring photos>nthesis-intensit\ 
curves on the same plant v ith v hite and v ith red light The effective absorption 
of the filter as deternuned twice was 0 22 log units Bold-face values arc for the 
factor that w as constant in the measurements 


log/) ' 

= 08 

log /> = 1 2 

log p It 

log^ 
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log [CO 1 

log/ 

log [CO] 

log/ 

log [CO 1 

log/ 
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log/ 
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3 27 
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— 
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-4 10 

2 63 

-4 10 

3 03 

-4 10 
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-4 10 

4 00 
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2 68 

-3 88 

3 08 

-3 88 

3 49 

-3 88 

4 00 

-3 64 

2 62 

-3 64 

3 02 

-3 64 

3 43 

-3 64 

3 90 


data were then corrected m terms of an assigned arbitrary photosjTi- 
thesis value of 200 c mm of ovj’^gen produced per hour per 100 mg wet 
weight of tissue for the standard determination This value is within 
5 per cent of the average actually found 

To cover a sufficient range, measurements were made at five light 
mtensities and six CO 2 concentrations Within a smgle experiment, 
the photosjmthesis of a fiond w^as investigated as a function of light 
intensity at a constant CO 2 concentration, and then repeated for one 
or two additional CO 2 concentrations Three runs were made at 
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each COi concontration, a total of eighteen for the senes, and the data 
averaged Wulc the data -acre all obtained as photosynthesis at dif 
ferent intensities, thej maj also be used to obtain the COi curves at 
constant intensit} Tivo complete senes of such measurements were 
made, thev are presented in Tabic II 
To find the light intcnsitj necessary to attain a definite amount of 
photosynthesis at a constant COi concentration, or the converse, it is 

TABIE II 

Photosyndiesit al Dxfcrent Intensities and COz Concentrations 

Data of Tigs 3 and 4 Photos> nthcsis m cubic millimeters of os> gen evolved 
per hour per 100 mg v,ct weight of material corrected for respiration Tern 
perature » 25 3®C COj concentrations X 10® m moles per liter All of the 
data arc in terms of a standard value ol 200 when the (COi] *» 290 X 10~® and 
/ »» 123,000 meter candles Each set of data represents the averages of three 
similar experiments 
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necessary to interpolate between the measured values To do this, 
there was drawn through all of the data, the smooth curve of equa 
tion (2) That this curve gives a satisfactory description of these data 
IS shown m Tigs 3 and 4 In Fig 3 are presented the data of senes I 
for photosynthesis as a function of mtcnsitj All of the data have 
the curve of equation (2) drawn through them 
The mass plots of Fig 4 contain ali of the data in Table II The 
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curve of equation (2) was drawn through all of the log photosynthesis 
versus log I data at the different CO 2 concentrations These curves 
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Fig 3 Photosynthesis as a function of light intensity for different CO 2 con- 
centrations indicated on each curve by the Warburg buffer number The photo- 
synthesis ordinates are correct only for the uppermost curve, the others have been 
displaced downwards in steps of 0 2 of a log unit, with their correct positions given 
on the right side of the figure The insert shows the absolute positions of the six 
curves drawn to exactly half the ordinates All of the curves arc drawn from 
equation (2) These are from the data of senes I given m Table II 

were then superimposed and the points traced on a single graph 
This IS possible because the shape of the curve is invariant in form 
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The same procedure rvas also used for the log photosjnthesis— log 
COj data, except for the measurements at the lowest light intensity 
(407 meter candles) which are omitted because they were not sufE- 
aently precise to determine the position of the curve The excellent 
fit ot these new data maden tally confirms and strengthens the validity 
of equations (2) and (3) as quantitative descnptions of the effect of 
these two variables on photosj nthesis 


•j 
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Lo^ I or CO2, 

Fio 4 Photosynthesis as a function of intensit> (upper curve) and of CO 2 
concentration (I^^er curve) The points represent all of the data m Table H 
The curve from equation (2) was drawn through all of the different sets of data 
These were then superimposed and traced on a single graph 


In Fig 5 and Table III arc presented the data obtained for the 
log CO, concentration -log intensity relationship at four log photo 
synthesis values These four values were chosen to express best the 
actual data obtained The lowest photosynthesis value is near the 
lower hmit of the actual measurements, and in a few cases represents 
a small extrapolation The higher values of the log photosynthesis 
rate were selected to elimmate successively one or more curves from 
consideration, thus giving whatever real changes in form occur in low 
as compared with higher photosynthesis rates i 
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Equation (4) has been dra\\Ti through the data m Fig 5 A good 
description of the data is obtained at the three higher photosynthesis 
rates, as is also the case for the older data given in Fig 2 However, 
at the low est photosjoi thesis value, a much better descnption is given 
by equation (6), which is drawn in broken lines 



a -St 5" 

Loy I /rjefBr c^/jd/es 


Fig 5 Intensit}' and CO 2 concentration at four log photosjuithesis values 
indicated on each curve The cur\ es are theoretical and represent equation (4) 
At the lowest photosinthesis value, a better fit of the data is given equation 
(6) indicated bj’’ dashed lines The open arcles are from senes I, and the sohd 
circles are from senes n The numencal values are given in Table III 

After the first senes of measurements had been completed, it was 
thought that the difference m cuiw'^e form might be due to large errors 
or vanation at low photosynthesis rates, and it was for this reason 
that a second senes of measurements was undertaken The data 
show no significant difference between the two senes The average 
difference m the detemunation of log I or of log [CO 2 ] between the two 
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senes IS about 0 07 log units This value is actually an exaggeration 
of the uncertain tj m placing the curtc, because there is a distinct 
slilft in the best position of the curves independently dcavm through 
the ti\o series This shift is about 0 OS log units ivith respect to both 


TABLE m 

Inttnstly and COi Cnttceiilralwn for Constant Photosynthesis 


Bala of Tig 5 These arc graphicalb intespoktcd lalucs from the measure- 
menu in 0 able II The numbers in bold face ope represent the constant factor 
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ordinates and tnny be due to some speafic difference in the plants 
used, since the tn o senes ivere ran some 6 months apart 
It is possible that the curve obtained at Ion photosynthesis repre 
sents some specific 1 metic difference as compared with those at high 
photosynthesis values If this is so, then the curves for photosynthesis 
ns a function of intensity should have different shapes at low and at 
high COs concentrations, or the photosynthesis — COa curves should 
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vary witli light intensity The published data on these relationships 
(Smith, 1936, 1937) as well as those given in this paper do not show 
such variation except where a CO 2 diffusion factor is involved Such 
measurements, however, have been usually made with the constant 
factor at moderate or high values In order to test this possibility, 
new measurements were undertaken 
For the photosynthesis— intensity measurements, a buffer (No 2) 
of low CO 2 concentration was selected which gave measurements of 
photosynthesis below the compensation point even at high mtensities 



Fig 6 Photosynthesis as a function of intensity at a low constant CO 2 concen 
tration (0 902 X 10“ ® moles per hter) The curve is from equation (2) and is of 
the same form as those obtamed at higher CO 2 concentrations The data are 
given in Table IV 

For such low photosynthesis rates, the readmgs had to be of long 
duration, respiration was measured for at least 1 hour, and the deter- 
minations at each light intensity for 30 imnutes Three fronds were 
used m each run to mcrease the accuracy of the measurements 
The data which are given m Fig 6 and Table IV represent the aver- 
ages of three similar runs These measurements are adequately 
described by equation (2) and therefore do not differ from the results 
obtamed when higher CO 2 concentrations are used 
It IS more difficult to determme the curve for photosynthesis as a 
function of CO 2 concentration at low mtensity The tissue has to be 
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removed from the manometer aessel after each determination and 
replaced in a buffer mature of a different CO concentration Such 
handling has little effect on measurements made at high intensities, but 
at low intensities it is sufliaent to mandidate the measurements ob 
tamed Jlorcover, one cannot use several fronds because thej cannot 
be replaced in the v essel mthout altering the ov erlapping and partial 
shading The form of the photosynthesis— COj curve at low intcnsi 
ties can be determined onlj with the use of more suitable material 

TABLE IV 

Phoiosynthfsis and Intensity at Lois COs Concentration 
DataofFig 6 itcasurements at constant COj concentration ••0902 X i0~*, 
Buffer No 2 Ai erages o! three simitar nins using three targe fronds in each run 
Temperature - 25 3°C Respiration detcnnincd lor at least 60 minutes, other 
measurements lor 30 minutes each Photo5>nthcsis in cubic miUimeteis of 
oxjgen per hour per 100 mg wet weight of tissue 
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IV 

DISCtJSSION 

In addition to the data presented in this paper, there have been 
only two attempts to obtam a comprehensive picture of the mutual 
effects of intensity and COj concentration on photosynthesis, those 
of Harder (1921) on Fontinalis, and those of Hoover, Johnston, and 
Bracbett (1933) on wheat We have studied their results in the same 
way that we have done for Cohomba 
For the higher photosynthesis values of Harder’s measurements, 
the uncertainty m drawmg the individual curves makes difficult a 
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choice between equations (4) and (6), but at the low values, equation 
(6) definitely gives a better fit than (4) This is entirely consistent 
with the results on Cabomha 

The two expenments of Hoover, Johnston, and Brackett present a 
somewhat different picture The data for their first expenment give 
curves which change their shape at low and high photosynthesis 
values in much the same way as those for Cdbomba and Fonlimlis 
However, for reasons which are at present obscure, the measurements 
for their second expenment differ considerably from aU of the other 
data Here the curvature in the log CO 2 versus log intensity graphs 
becomes very gradual and fits equation (8) best 

The explanation for the difference in the hmiting factor equations 
at lov,^ and high photosynthesis rates depends on the interpretation of 
the exponents in these equations Franck and Herzfeld (1937), after 
assuming the existence of back-reactions in photosynthesis, arnved at 
an equation similar to equation (2) While equation (2) gives a 
slightly more prease descnption of the data than does their equation, 
the latter does provide a possible explanation of the change m curve 
form at high photosynthesis rates in terms of an appreaable back-reac- 
tion at high intensities and a negligible back-reaction at low mtensi- 
ties In the latter situation, the light-hmitmg reaction (assuming that 
there must be four) would be first order, and a scheme such as given 
by equation (5) would hold With appreaable amounts of energy 
loss caused by back-reaction, the data would fit the descnptions given 
by (1) 

Whatever may be the eventual explanation for this change m 
kinetic properties at low and high photosynthesis rates, the general 
form of the limiting factor relationship seems clear This relationship 
follows from the relative effects of the light and dark processes in the 
photosynthetic cycle, m fact, such a relationship must obtain when- 
ever such a cycle occurs 

SUMMARY 

1 Extensive measurements have been obtained {a) relating photo- 
synthesis and hght intensity for a large range of CO 2 concentrations 
and {b) relating photos)mthesis and CO 2 at different light mtensities 
From these families of curves, the limiting factor relationship can be 
secured for any value of the photosynthesis rate 
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2 In terms of previous work an equation has been derived for de 
scnbmg these relations between the intensity and COj concentration 
necessary to produce a definite amount of photosynthesis This cqua 
tion furnishes an exact description for all the data, except those for 
low rates of photos>nthcsis where a slightly different equation is 
required The nature of the two equations suggests that a simple 
first order reaction determines the velocity of the light process at low 
photos) nthcsis rates, but that at high ntes the mechanism is com 
plicated by another factor 

The author gratefully acknowledges the fncndl) advice and cnti 
asm of Professor Sclig Hccht 

BIBLlOGRAPm 

Bal),E C C , The kinetics ol photosynllicsis, Proc Roy See London, Senes Bt 
ms, 117, 218 

Blackman, F F , Optima and limiting factors* Ann Bot , 1905, 19, 281 
Burk, D , and Lincwcaver H , The kinetic mechanism of photosynthesis Cold 
Spring Harbor s>'mposia on quanlitaU\c biolog) , Cold Spring Harbor, Long 
Island Biological Association 1935 3, 165 
Emerson R , and Arnold W , A separation of the reactions in photos>Tithesis 
b) means of mtermiilcnt light, / Gen R/iystof , 1932, 16, 391 
Franck, J , and Hcrzfcld, K F , An attempted thcor> of photosynthesis, / C/iem 
Physics, 1937, 6, 237 

Harder, R , Knlische Vcrsuchc zu Blackmans Theone der ‘Begrenzenden Fak 
toren' bei der KohlensUurcassirailaUon, Johrh uissensch Boi , 1921, 60, 531 
Hoover, W H , Johnston, E S and Brackett, F S , Carbon dioxide assimilation 
m a higher plant Smtlhsoman Mtsc CoH, 1933 87, No 16 
Smith, E L , Photos>'nthcsis m relation to hght and carbon dioxide, Proc Nat 
Acad Sc , 1936 22, 504 

Smith E L , The influence of light and carbon dioxide on photosynthesis J Gen 
Physiol , 1937, 20, 807 

Spochr, H A , Photosynthesis, New York, The Chemical Catalog Co , 1926 
Stiles, W , Photos>Tithesis London Longmans, Green and Co , 1925 
Warburg 0 , Uber die Geschwindigkcit der photochemischen KohlensSurczer 
setzung m lebenden Zellcn, Biochem Z Berlin, 1919, 100, 230 
\\arburg, 0* tlbcr die Gcschnindigkeit der photochemischen Kohlcnsaurezer 
setzung m lebenden Zellcn 11, Btochem 2,BcrUn 1920 103,188 




ELECTRIC IMPEDANCE OF NITELLA DURING ACTIVITY* 

Bi KENNETH S COLE and HOWARD J CURTIS 
{From the Departmatt of Physiology^ College of Physicians and Surgeons, Columbia 
University, New J ork) 

(Accepted (or publication, Apnl 25, 1938) 

INTRODDCnON 

There are manj theories of the nature and mechanism of the proc 
esses of excitation, conduction, and rccover> in irntablc cells, but 
those tihich emphasize the electrical aspects of these phenomena 
are the most attractive and probably the most important because 
these effects can be measured with a high degree of precision and speed 

It is rather commonlj accepted that the process of excitation of 
irritable cells starts as a more or less localized depolarization of the 
cell membrane When the adjacent restmg regions are then de 
polarized by the resultant current flow, the process continues as 
a propagated wave 

It IS not surpnsing that both the cause and the course of the de 
polarization have remained vague and uncertam when most of the 
mformation has come from electrical exatation and action potential 
studies while the properties of the resting membrane have not been 
well understood Consequent!} the attempts to express this picture 
in more quantitative form have usually encountered so many unknown 
factors that it has been nccessarv to use either poorly defined concepts 
or a considerable number of assumptions 

Tivo outstandmg unknowns have been the electrical resistance 
and capacity of the membrane and the resistance of the cell mtenor 
From longitudmal direct current resistance measurements on restmg 
Ntlclla, Bhnks (1930) obtained values of 10' fl cm or more which we 
may mterpret as an ohmic membrane resistance Smee similar data 
by Rosenberg and Schnauder (1923) on the frog saatic give 4 1Q‘ 
S) cm we may expect that such a resistance is not peculiar to Ntklla 

* Aided by a grant from The Rockefeller Foundation 
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In common with a number of other types of cells, restmg membrane 
capacities of approximately l/rf /cm * have been found for muscle 
and nerve (Cole and Curtis, 1936), Nttella (Curtis and Cole, 1937), 
and the squid giant axon (Curtis and Cole, 1938) These membrane 
capacities have associated with them a loss, siimlar to that foimd in 
common dielectrics, giving them a phase angle of less than 90°, which 
is independent of frequency 

There is less mformation as to the effect of excitation on these 
quantities Lullies (1930) reported a decrease m the longitudinal 
low frequency impedance of nerve, and Blinks (1936) showed a loss 
of polarizability (the change of potential difference across the mem- 
brane due to current flow from an external source) in Nttella In 
these experiments, it was not possible to separate the membrane 
resistance and capacity and follow the time course of each during 
excitation, so that a different method of approach is necessary 

In the present work, the impedance properties of Nttella have been 
measured, transverse to the cell axis, and over a wide frequency range, 
during the passage of an impulse, with simultaneous records of the 
cell action potential under the impedance electrodes These data give 
the time course of the resistance, capacity, and potential changes of 
the membrane durmg activity and so provide a more complete and 
quantitative description of the impulse than has been possible before 

Nttella was chosen because it has large smgle cells, lives m fresh 
water, and is quite slow m its responses The behavior of this plant 
cell IS analogous to that of nerve m so many respects that one naight 
also expect that the processes of activity would be found to be similar 
The structure of Nttella is apparently more comphcated than that 
of nerve and has been the cause of some difi&culty m the mterpretation 
of the impedance properties of the cell at rest (Curtis and Cole, 1937) 
and m activity As has been pointed out, there are two protoplasmic 
mterfaces m Nttella, but smce our measurements have not given any 
evidence winch provides a means for separatmg the properties of the 
two surfaces, we shall consider the observed characteristics to be due 
to a single membrane 

The altematmg current transverse impedance technique which 
has been used for the resting Nttella and other cells is a relatively 
simple and straightforward method for determmmg the electrical 
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properties of the membrane and cell mtenor In order to nse it 
for the present problem, the methods of measurement and mterpre- 
tation have had to be extended considerably 

^faicrIal aftd Afeasuntig Cell 

N ttella Jlcxths, Ag , v.'as grown in an aquanum which was balanced with guppies 
and radiated pcnodically ^ith a neon lamp 

To obtain satisfactory action potentials, m/1000 KNOj, u/10,000 KHjPOi, 
and m/10,000 MgSOi were added to the tap water m the aquanum The Nttella 
grew quite readily under these conditions, and only health), growing cells were 
used for the cipenments 

The cell chosen was cut awa> from its neighbors and immediately placed m 
the raeasunng apparatus About half an hour was allowed for equilibration 
before the experiment was started The measuring cell is essentially the same as 
that previously used, and is shown m Fig 1 It is made of glass, de Khotinsky 



Fig 1 Measurmg cell for Ntlella, with impedance electrodes, aa, stimulating 
electrodes, b, and action potential electrode, c Arrows indicate the durections 
of flow of electrolytes 

cement, and vanous platinized platmum electrodes The groove in which the 
Nttella cell was placed is 0 53 mm by 0 55 mm and 2 cm long, with a depression 
at each end to accommodate the cut ends of neighboring cells The impedance 
electrodes, aa, were 0 5 mm long and were inlaid m opposite faces of the groove 
This electrode length represents a compromise between the needs for measure 
ments over as short a length of cell as possible, and a large electrode area to 
minimize electrode polarization corrections The stimulating electrodes b, were 
placed at one end and an action potential recording electrode, c, at the other 
Capillary siphons were placed at ^e ends of the grooves as indicated m Fig 1 
Aquanum water or u/1000 KG was siphoned in at the stunulating electrode end, 
past the stimulatmg and impedance electrodes and out through the side tube 
To obtain monophasic action potentials, u/10 KCl was siphoned m at the other 
end and out through the side tube, so that it bathed only the end of the Nttella 
under the recording electrode This concentration of KCl was used to abolish 
the membrane activity because the cells seemed to last longer with KCl than with 
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chloroform In this wa)% good monophasic action potentials were recorded, and 
most cells would give reproducible results for many hours and some even for days 
The relatively refractory period for Nttella lasts from 3 to 5 minutes under the 
most favorable conditions, and it was necessary to allow this interval between 
stimuh, otherwise both the "resting” impedance and impedance change become 
progressively smaller 


Electrical Equipment 

The impedance electrodes of the measurmg cell were connected to the alter- 
nating current Wheatstone bridge (Cole and Curtis, 1937) and measurements of 
the parallel resistance and capacity (Cole, 1933, Cole and Curtis, 1936) were made 
from 0 05 to 100 kc (kilocycles per second) The amplified output of the bndge 
was apphed to the vertical deflection plates of a cathode ray oscillograph A 
portion of the mput oscillator voltage was applied to the honzontal deflection 
plates in such phase relation to the bndge output that a parallel resistance un- 
balance of the bridge caused the horizontal balance Ime to tip, w'hile a parallel 
capacity unbalance alone gave an ellipse with a honzontal axis 

The action potentials were led off between either the midpoint of a high re- 
sistance shuntmg the impedance electrodes, or the grounded impedance electrode, 
and the recordmg electrode at the mactive end of the cell These potentials were 
apphed to the vertical deflection plates of a second cathode ray oscillograph 
through a differential direct current amplifier with degeneration in the common 
mode Both oscillographs are photographed sunultaneously with a motion 
picture camera at from 17 to 64 frames per second Smee motion pictures could 
be taken, a sweep curcuit was unnecessary, and the action potential was recorded 
as a deflection from the base Ime on each picture 

The stimulatmg current was ob tamed from a condenser discharge which had 
a tune constant of about 1 millisecond Under these conditions it usually took 
about 30 volts to stimulate The stimulatmg curcuit was electncally isolated 
from the rest of the circuits to reduce the stimulus artifact and considerable care 
had to be taken to avoid stimulation or injurj' by static charges 

Procedure 

The smgle Ntiella cell is placed in the trough of the measurmg cell, covered, 
and the circulation of both aquanum water and KCl started When the im- 
pedance and restmg potential have reached steady values, the bridge is balanced 
at one frequency and the amplifiers adjusted so that the maximum changes after 
stimulation remain on scale The camera is started as the cell is stimulated, and 
the entire action, lastmg several seconds recorded Calibration figures are then 
recorded for knowm unbalances of both resistance and capacity This procedure 
is follow ed at each of the nme frequencies from 0 05 to 20 kc The cell is re- 
moved and a frequency run taken on aquanum water alone to obtain data for 
the capaaty zero and electrode polarization (Cole and Curtis, 1937) In this 
way, a complete frequency run could be taken m 40 mmutes 



K S COLE \ND ir J CURTIS 


41 



Fig 2 Section of a motion picture record of the bridge unbalance ellipses (left) action 
potential spot (center) and stop natch (right) (ollonmg stimulation 
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A short section of a film tal en at 0 2 kc and 1 7 frames per second is repro- 
duced in Fig 2 The stimulus artifact can be «ecn in the first picture, and the 
action potential starts to nse immediatcK aften'ards When the action poten- 
tial has nearh reached iL= maximum the bndge goes off balance rather suddenU 
and then both subside quite gradualh 

The developed film is projected and the impedance ellipses and the 
action potentials are measured on the screen From the dimensions 
of the experimental and calibration ellipses the changes in the parallel 
resistance and capacity are calculated b\ equations (3) The im- 
pedance at rest and at the time of each picture after stimulation 



Fig 3 Schematic impedance locus, showing an impedance \ector, vith its 
two components, the senes resistance, R., and senes reactance, A', <3 is the mem- 

brane phase angle 

IS computed as though the measurements had been made with the 
resistance, R„ and the reactance, X, in senes, b\ the equations 

R, = «„/(! -}- and X = R-,C^u.l(\ 

R, and X, are plotted to give the impedance locus as shown in Fig 3 
With the cell at rest the end of the impedance \ ector follow s a circular 
arc as the frequency is changed and this arc is called the frequence 
impedance locus Dunng the process of excitation the impedance 
at each frequency changes so that the tip of the impedance vector 
follows a path, such as D in Fig 4, which is called the time imped- 
ance locus 

RESULTS 

Impedance — It was found that there w'as some uncertainty as to 
the form of the frequency impedance locus at the time of maximum 
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change This was probablj due to an uncontrolled variation in the 
cell since the maximum change at anj one frcqucnc) \ancd somewhat 
during an expenment Since it was not possible to measure all fre 
qucncies during a single excitation, three cxatations at each frequency 
were recorded m random order and the minimum impedances plotted 
m Tig 4 It IS quite apparent, m the first place that there is no 
change in the extrapolated high frequency resistance This means 
that the resistance of the interior of the cell, the resistance of the 
external fluid, and the \olume concentration remain unchanged, or 



Fig 4 Frequency impedance !oa, » e senes rtsisiance, J? is senes react 
ance, A A, hr A'llcHs at rest (o) and B and C hr the eilrerae values of the 
maximum impedance changes durmg activaty (x), with centers at A' S', and 
C Frequenaes arc gircn m kilocycles (kc.), and each frequency was repeated 
three times in random order 

else that any two, or all three, change in such a way that the infinite 
frequency resistance is unchanged It is more reasonable to assume 
that there is no change m anj of these quantities In the second place, 
since the mimmal exatation impedance pomts (X) are distributed 
rather well between two arcular arcs representmg the same phase 
angle as the resting cell, there is no mdication of a change in the phase 
angle of the membrane at the height of the exatation and it wfil be 
assumed as a first approximation that there is no change of this mem 
brane parameter durmg the course of the action It will be shown that 
the maximum vanabihty of the impedance changes shown m Fig 4 rep 
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resents a =b 10 per cent maximum deviation of the membrane im- 
pedance from Its mean value 

Durmg smgle excitations, the time course on the impedance locus 
has been plotted for three frequencies m Fig 5 Equation (4) shows 
that if the membrane capacity alone were to change during excitation, 
the zero frequency extrapolation would remam unchanged and the 
impedance at each frequency would merely move along the resting 
circle Smce this is not the case, and smce the membrane phase angle, 
the mternal and external resistances, and the volume of the cell (see 
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Fig 5 Impedance loci, i e senes resistance, R,, vs series reactance, X, 
The frequency loci are A, for Nttella at rest (o), and B, at height of activity 
with centers at A' and B' The time loa, D, show how the impedance changes 
at 0 1, 0 5, and 2 0 kilocycles when the cell is stimulated (e) As indicated 
by the arrows, the tune impedance locus durmg recovery does not evacdy re- 
trace the path of the mitial change 


above) change httle if at all, we must now consider the effect of a 
change m the membrane conductance or leakage 
The membrane conductance is thought of as due to a resistance 
m parallel with the membrane capaaty This conductance, which 
may be the representation of the ionic membrane permeability, is 
considered to be mdependent of frequency On this assumption, it 
will be shown m equation (8) that if the membrane conductance alone 
were to change durmg the action, the time impedance locus would 
be a arcular arc tangent to the resistance axis at the mfinite frequency 
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point (iJj, as indicated bj the dotted lines m Fig 5 and the arc C 
in Fig 11 This assumption gives an approximate explanation of 
the observations but it is found that the experimental points quite 
consistentlj fall to one side of the arc The deviation may be mter- 
preted as an average maximum decrease m the membrane capaatj of 
1 5 per cent from the rcstmg value of 0 9/if /cm ’ This capaatj change 
follows a time course similar to that of the membrane conductance 
The two ate shghtlj different, however, because it can be seen on 
the time impedance locus that, dunng recovery, the impedance does 
not exactly retrace the path of the initial change 
In the previous Nticlla paper (Curtis and Cole, 1937) it was shown 
that, withm expenraental error, the conductance of the resting cell 
membrane was so small as to be negligible m transverse impedance 
measurements The membrane conductance dunng excitation, cal 
culated from data at 0 05 kc by equation (6), has been plotted m 
Fig 6 as a function of time The maximum conductance m this 
case conesponds to a membrane resistance of 400 ohm cm ’ with an 
average value for all experiments of 500 ohm cm * In the data of 
Fig 4, the maximum (B) and mmimum (C) aides correspond to 
membrane resistances of 350 and 287 ohm cm or a ± 10 per cent 
fluctuation from the mean value for this typical NiteUa Further 
more, it is found that the time courses of the membrane conductances 
calculated from the data at frequenaes shown m Fig 5 agree dosely 
with each other, thus supporting the assumption that the membrane 
resistance is indepcndctil of frequency 
The observed nse of conductance is considerably faster than that 
of the action potential However, if a sharp, or discontmuous change 
of conductance were to move past the 0 5 mm long impedance dec 
trades at a veloaty of 1 0 cm /sec the observed tune of nse of con- 
ductance should be at least 0 05 second Actually, this time would 
be still longer because of the ‘Trmging*’ of current at each end of the 
electrodes which mcreases their apparent length It is simpler to 
obtam the apparent length from a modd experiment than by calcula 
tion A round glass rod was placed in the measuring cell instead of 
the NUclla and resistance measurements were made for a number of 
positions as the rod was moved to the nght and its left hand end 
passed between the impedance electrodes The end then corre 
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sponded to an abrupt transition from a non-conducting to a perfectly 
conductmg membrane, although the difference between the measured 
resistances with and without the rod may not be large, as is seen 
from equation (4) The only data taken before this glass impedance 
cell was broken are those of Fig 7, but they show quite clearly that 



Fig 6 Membrane conductance, monophasic acbon potential, and membrane 
current vs time after stimulation Ordmates are all m aroitrary units Fre- 
quency 0 20 kc 

the effective length was about 1 0 mm or twice the actual electrode 
length At a velocity of 1 cm /sec this would then correspond to 
a time of nse of 0 10 second and smce 0 25 second or less is observed, 
the actual tune is not more than 0 15 second Experiments m which 
the cell was stimulated under the impedance electrodes mdicate that 
the time of nse may be considerably less than 0 15 second 
If the flow of water through the ceU was stopped the impedance 
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remained unchanged for fairly long periods of time unless the cell was 
i timulatcd After a single stimulation, the low frequency impedance 
failed to return to its previous value but remained at a lower value 
for some time On repeated stimulation the impedance became 
progressively lower, but there was an immediate return to the initial 
value when the water arculation was resumed This mdicates that 
the decrease of impedance was due to a decrease in the speafic re- 
sistance of the medium which was probably due to a loss of electrolyte 
from the cell during exatation, that was recovered very slowly, if at all 
Action Potentials — ^It is seen in Fig 6 that the start of the membrane 
conductance change comes toward the maximum of the monophasic 



Fic 7 A glass rod in place of Ntlella m measuring cell is moved from left 
to nght Conductance, 1/r, rr distance of the end of the rod from the center 
of the electrodes Negative abscissae mdicate that the rod was between the 
electrodes The dotted Imes show the actual electrode width Conductance is 
m arbitrary units 

action potential, and it is interesting to correlate it with the density 
of current flowing across the membrane This is proportional to 
the second derivative of the action potential (equation (10)) and 
has been computed numerically to give the ‘^membrane current” 
curve of Tig 6 The maximum values of the outward and mward 
current densities are approximately equal, although the low membrane 
resistance should allow a considerably greater maximum current 
density mward than outward The impedance electrode width should 
tend to equalize these maxima but the effect has not yet been cal 
culated or mvestigated with a model 
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Not only are experiments ■with cells having one end in contact with 
m/10 KCl not entirely satisfactory, and perhaps open to question 
on physiological grounds, but the cumulative errors in the numerical 
calculation of the second derivative led us to do a few experiments 
with a different technique 

The Nitclla cell in a moist chamber was supported on 2 platinized 
platinum wires, 0 25 mm m diameter, so as to make contacts on 
opposite sides of the cell, the wires serving as transverse impedance 



Fig 8 Membrane conductance, diphasic action potential, and membrane 
current measured in a moist chamber vs time after stimulation Ordinates are 
all in arbitrary units Frequency 0 20 kc 


electrodes On each side of one impedance electrode and 1 mm away 
from it a similar wire potential electrode touched the Nttclla cell 
These two were then differential electrodes giving the potential 
gradient over a 2 mm stretch which included the impedance elec- 
trodes This “diphasic” potential was then approximately the first 
differential of the monophasic action potential, or proportional to 
the external current flow parallel to the long axis of the cell, and the 
membrane current density its first derivative 
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The impedance and potential changes were taken at 64 frames per 
second and the results of an action ate showm in Tig 8 Although 
the resting charactenstics are much less steady than m the flow'ing 
medium, and the results less reproducible, it is seen that the char 
actenstics are entirely similar It thus seems quite certain that 
in general the increase in conductance and the change in direction 
of the membrane current from outward to inw ard occur at very nearl> 
the same time 

The tj-pical action potential of Fig 6, which has a form similar 
to that of nerve and a duration of 2 or 3 seconds, is quite different 
from the potentials with a double peak and a IS second duration 
normallj found by Osterhout (1934) We have obtamed the latter 
type of monophasic action potential b) keepmg the cells in a medium 
similar to that used by Osterhout and although the relatively refrac- 
tory penod was longer and the impedance changes less reproducible, 
the results were essentially the same as those found for the more 
rapid cells 


DISCUSSION 

Impedance — ^Although it is not yet possible to formulate our in 
formation on the electrical properties of a cell membrane m terms 
of a definite molecular structure, some charactenstics seem fairly clear 

In Figs 4 and S, tlie extrapolated mfinite frequency resistance 
IS a common end pomt which is approached along one path for the 
restmg cell as the frequency is increased and along another, at one 
frequency, durmg activity The former path is most simply de 
scribed as a decrease of the parallel reactance of the membrane and 
the latter as a decrease of its parallel resistance Smee also this 
parallel reactance corresponds to the membrane capaaty found for 
a vanety of other cells, a parallel capaaty and resistance represent 
the membrane fairly well 

Observations on the excitability and impedance of the squid giant 
axon (Curtis and Cole, 1938) and the constancy of the red blood cell 
membrane capacity m chemical hemolysis (Fncke and Curtis, 1935) 
have led to the suggestion that the capacity and leakage resistance 
of the membrane might be relatively independent In the present 
results, we have a sounder basis for this separation of the non con 
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ducting and conducting — or probably the ion impermeable, and ion 
permeable — aspects of the membrane 

The change m the non-conductmg aspect of the membrane is im- 
portant in fertilization of marine eggs and may play a considerable r61e 
m the action of hpoid solvents, but it is apparently a minor factor in 
the excitation of Nitella, where the phase angle is unchanged and 
capacity is decreased by only IS per cent Of course, this capac- 
ity alteration may be very significant, but we shall pass over it for 
the present m view of the change m the conducting aspect of the 
membrane 

Takmg Blinks’ (1930) value of 10® ohm cm - for the restmg Nttella 
membrane, we find a 200-fold increase in the membrane conductance 
at the height of activity Yet the maximum conductance, cor- 
responding to 500 ohm cm ^ is far from a complete ionic permeability, 
which, if the restmg resistance were not known, might seem to be 
a fairly high specific resistance when the large membrane capacity 
is taken as an indication of its thmness The nearly intact capacity 
cannot be detected on Blinks’ (1936) records because the active 
membrane time constant is less than 10~® second and the difference 
between his initial and final resistances is about 0 5 per cent of the 
resting value However, it seems unreasonable to picture the de- 
polarization process durmg activity as a destruction or dismtegration 
of the membrane, and one may well suppose that no more than 15 
per cent of the membrane is involved 

In many of the cells and tissues which have been measured, the 
cell membranes have been found to have an impedance of the form 
Zs = Zc(_ 7 w)~“ (see page 56) This has been called a “polarization” 
impedance because this term has been applied to several types of 
non-living systems which have a similar but unexplained character- 
istic Some of these systems are conductors and it was thought 
that a polarization impedance might be an expression of the ion 
permeability aspect of the membrane Since a more easily acceptable 
measure of ion transport, t e the conductance, has been measured 
and its effect is probably so small as not to enter into the transverse 
impedance measurements of most resting cells and tissues, we are 
inclmed to assume that the polarization impedance is essentially 
a dielectric impedance The dielectric impedance is then to be 
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thought of as a charactenstic of the ion impermeable aspect of the 
membrane and the constant a, and the phase angle (j), ahich is a 
measure of it (<j> = car/2 radians), are measures of the dielectric 
loss, which occurs when q:< 1 0 This loss, which might he caused 
bv a frictional resistance to dipole rotation, is axpressed as an elec 
tncal resistance, but it is not to be confused with a resistance which 
IS an expression of ion transport across the membrane Some time 
after a change, AT, of the potential difference across the membrane, 
there will be a change, Al, in the membrane current density and bj 
Ohm’s law , the membrane resistance for unit area is given by = 
AV/Al An ionic permeability of the membrane may then be defined 
as the number of ions transported across a unit area in unit time for 
a unit potential difference The permeability on this definition is 
then proportional to AT/AV = i/it or the membrane conductance 
There will also be accumulations of electrical charge on the two sides 
of the membrane, +A() and —AQ and by the definition of capaaty 
AQ = Cm Ar, where is the membrane capacity for a unit area 
(see Fig 9) If now the ionic permeability be defined as the number 
of ions transported across the membrane in unit time for an ion pair 
separated by the membrane, this permeability is given bv AI/AQ = 
l/riC„ which IS also the rcaprocal of the tunc constant of the mem 
hranc Then for resting iVi/r/fa we find a permeability of ten ions 
per second for one ion pair separated by the membrane and for the 
maximum permeability dunng exatation, two thousand ions per 
second for one ion pair 

Action Potential — The membrane polanzation, which is made 
hnown by resting and action potentials, represents a source of elec 
trical energy in the cell and it is preferable to speah of it and measure 
It, whenexer possible, as an electromotive force (emf) which is 
a physically defined quantity The resting and action potentials 
are the externally measured potential differences due to the external 
current (equation (14) and Fig 12), and are not necessarily syn 
onymous with the membrane E u f Consequently if the “depolan 
zation” be considered as a decrease in the membrane E u F , it is not 
directly measured by the external potential difference, but differs 
from it as mdicated by equation (IS) on p 61 

It has been pointed out that the decrease in membrane resistance. 
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which IS a “loss of polarizability,” does not occur until rather late 
m the rising phase of the action potential, and that the reversal of 
the membrane current flow takes place at nearly the same point It 
has also been found that the foot of the curve of the action potential 
up to the time of the resistance change and current reversal is nearly 
exponential — as it should be m front of a resting or propagated local- 
ized membrane short circuit (see equation (17)) Furthermore, 
prehmmary experiments on the membrane resistance and potential 
diSerence at the site of sub-threshold and threshold stimuli also 
indicate a close parallelism between the resistance and e m e For 



Fig 9 Equivalent membrane arcuit Cm, ri, and E are respectively the 
capaaty, resistance, and e M F of the membrane 

these reasons, we shall assume that the membrane resistance and 
eme are so mtimately related that they should be considered as 
senes elements m the hypothetical equivalent membrane circuit as 
shown m Fig 9 These two elements may be ]ust different aspects 
of the same membrane mechanism and the resistance may be, in part 
or entirely, the mternal resistance of the eme 

On the basis of this circuit the usual cable differential equation 
(equation (12)), can be set up, foUowmg Cremer (1899), Hermann 
(1905), and others, to describe the behavior of the fiber at any point 
If the membrane eme, £, is now considered as an unknown, we 
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should ha'ic all of the quantities necessary to calculate it By as 
suming a resting membrane resistance (r*, Tig 9) somewhat lower 
than 10’ ohm cm ’ the membrane e ii f remains nearly constant until 
the time of the resistance decrease, and it then follows the action 
potential quite doselj This is, however, merely another way of 
saMng that the initial portion of the action potential is exponential, 
but to a certain extent it justifies the assumptions 

If then there is no eaadcnce of membrane change in the initial 
portion of the action potential and the propagation depends upon 
such n change, the impulse cannot be said to have arrived Although 
the conditions for the change in the e u r and conductance of the 
membrane may have been partially achieved, the phenomenon is, up 
to this point, entirely passive and is to be identified with the “electro 
tonic spread,” ns showai by Bogue and Rosenberg (IPSI), and others 
An impulse cannot be said to have passed a point or to be blocked 
until the membrane E M f and resistance changes either have occurred 
or failed to take place 

It IS apparent that the work, to date has not shown whether ex- 
citation and propagation arc possible with the assumed membrane 
and cel! structure Rasbevsky (1933), Rushton (1937)) This 
question can bo answered as soon as we can set up the necessary and 
sufficient conditions for the emf and resistance changes to occur 
One can think of many threshold conditions for this change — a current 
density, a transport of ions, a change of membrane potential difference, 
a change of membrane emf, resistance, or capacity Without a 
good experimental mdication of which one, or combination, of these 
and perhaps other conditions is most important, we do not feci pre 
pared to go into a further analysis of the processes of exatation, con 
duction, and recovery 


Theory 

Bridge Unhalaitce — When a voltage ej is applied to an equal ratio 
arm bridge having matched input and output impedances, it is found 
that near balance, the output voltage eo is given by 

1 I -I 

; rT~ 
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where z and z are the known and unknown impedances Owing to 
the failure to meet all of these conditions and the attenuation, amplifi- 
cation, and phase shift of the mput and output systems, we have 
m general 

z + s 

where Ei and Eq are the oscillator and amphfier output voltages 
respectively, and /x is the resultant complex amplification factor 



Fig 10 Ellipse to show the measurements taken to compute the impedance 
changes 

Then 

- zz VRp — Rj, - ”] 

Eo = — cos ml 4- b}[Cp — Cp) sin at 

z -r 2 |_ iCp J 

where Rp, Cp are the parallel resistance and capacity at balance, 
Rp, Cp are the off-balance values, and Ei is the amphtude of the 
oscillator voltage This output voltage, Eo, gives a vertical deflection 
on the cathode ray osallograph which may be written, approximately, 

y = — (liC^Rp cos at -|- /jACp sin at) (1) 

where ARp, ACp are the amounts by which the parallel resistance 
and capacity are off-balance, and A, li, and h are obtamed from the 
previous equation and the oscillograph sensitivity In practice, the 
values of h and k are determmed by direct cahbration 
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A portion of the oscillator output may be shifted in phase and 
amplitude so that it gives a horizontal deflection on the osallograph 

A 

X- jcos at (2) 


We maj then eliminate I between equations (1) and (2) and show that 
the oscillograph pattern is an ellipse which has a horizontal axis when 
ARp = 0 and degenerates into a straight line mclined to the horizontal 
when AC, = 0 

A\Ticn a: = 0, we haae ao = AhACp as shown m Fig 10 On the 
other hand the maximum value of y is given by 


Thus we have 


and 


5. - Ay/ihAR,)' + (IiAC,)’ 


AC, 


n 

Al, 






ivhich arc the equations used for calculation 
Transverse Impedanee — The theoretical background of the im 
pedance of suspensions of spheres and cjlmders has been developed 
m a senes of papers (Cole, 1928, 1932, 1937, Cole and Curtis, 1936, 
Bozler and Cole, 1935, Curtis and Cole, 1937) but will be bnefly 
outhned here to give a basis for the extensions which arc now necessary 
When the alternating current flow is perpendicular to the axis 
of a parallel suspension of circular cylindncal cells or to the axis of 
a single cylindrical cell in a nearly square cross section of conducting 
medium, the speafic transverse impedance, s, is given by 

(1 — p)r% + (1 + pllrt -f- •Ja) 

* Cl + phi + (1 ~ p)(rj + n/o) 


where n and pj are the specific resistances of the external medium 
and cell intenor, is the impedance for a unit area of membrane, 
a IS the radius of the cell, and p is its volume concentration in the 
medium 
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The overall or gross impedance, z, is represented by its component 
senes resistance and reactance, z = r jx, which may be plotted 
as abscissa and ordmate to give the impedance locus as it vanes 
with frequencA" 

Equation (4) has a well known form and man)’^ of its properties 
which are apphcable here have been worked out m general terms 
(Campbell, 1911), but for simplicity a specific treatment will be 
followed 

■\\Tien Zn IS either zero or mfinite, z becomes a pure resistance, 
Ta or To For all ph 3 'sicall 3 ' realizable values of all possible values 



A' 


Fig 11 Theoretical impedance loa, showmg loa due to change of frequency, 
A and B, with centers at A' and B' and the locus C due to a change of mem- 
brane resistance, with center at C' 

of z he on or withm a circle havmg the segment of the r axis between 
r «5 and fo for a diameter 

It IS further found by simple rearrangement that 



ro—r„ 7=0 — s 


This IS a general expression which is convement to use in special cases 
In man}’’ biological materials, Zm is a polarization or dielectnc 
impedance, z„ = zs = Ze where Ze is a constant, j = ■>/ — 1, 

and CO is Itt times the frequency, and the impedance locus, as z or co 
is varied, is a circular arc from to fo which subtends the angle 
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2(j) car at its center When the membrane has a parallel leakage 
resistance, r,, which is independent of frequencj, l/s„ = 1 /sj + 
1/n, the value of r„ is unchanged but nhen rj is infinite, r„ = r, 
and fo IS decreased to another a alue n Then as s or co vary the 
impedance locus is a arcular arc of angle 24 > from to r„, and the 
\alue rt may be calculated from equation (S) or 


Measurements at zero frequency where £ = ro or fo cannot verify 
the assumption that n is independent of frequencj , but when it can 
be shown that <ji and r„ are unchanged, the value of re correspondmg 
to anj value of £ can be extrapolated graphically by a arcular arc 
of angle 2<Ij through r„ and £ It is, however, possible to find the 
path which is followed by £ when r, changes but z, and r„ remain 
constant, which is the membrane resistance locus at constant fre 
quency and membrane capaaty If £ is the value of £ for some value 
of £» when f« is infinite, then equation (4) becomes 


where 


»r, + tr,/a 
•r + u/a 


n-ri 

(r« — r.)’ 


(. - r.) 


(?) 


It IS known that equation (7) is agam a ardc and that it passes through 
the points r„ and £ but its center and radius must be found Sepa 
ratmg the real and imagmary parts, we have the two equations, 

(r - r)r,/o = f;((r - r.)(r - rj - xD/h ~ rj> 

(Z - x)r,/a » f|[(r - rjx + (r - r.)ll/(i’o - r.)’ 


where r, x and f, £ are the components of £ and c By elirumatmg 
we find 

r> + i’ - 2r.r + l(r - rj> + i’li/I + - 0 (8) 

which IS the equation of a arcle havmg its center at the pomt 
(fi 4 . i')/2s and the radius (P + x“)/2i This circular locus then 
passes through 5 and is tangent to the resistance axis at as shown 
m Fig 11 
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WTien at constant frequency, s does not follow the locus required 
by a variation of only, zs must varj' also, and when it can be shown 
that (f) does not change, we need only the absolute value of the polan- 
zation or dielectric impedance ] S 3 1 From equation (5) we find that 
when Ta is mfinite 


I = a 



7? 

V 


where ft and v are the lengths of the chords to s from r„ and ro respec- 
tively When Ta is finite, 

1 . , ro~r^ « 

I -d = a . - 

To feo ^0 ^go ^ 


where n and v are the chords to s from r«, and ro But if the pomt s 
is on the resistance locus as shown m Fig 11, then we know that 
I S 3 j has the value | S 3 ( at this point so 

I 1 = a z : s 

ro — r„ ro — r„ p 


where « and 5 are the chords to s from and ro We then have 



The membrane capacit}’’, c = 1/ | S 3 ) oisin 0 and 



(9) 


There are other useful methods for the calculation of S 3 and Ta, 
as well as vanations of these given and approximations which may 
be used judiaously 

Cable Theory — K nerve fiber has been treated as a succession of 
circuit elements by Hermann (1905) and as the elements approach 
zero length this becomes the uniform cable which was mvestigated 
by Cremer (1899) and others, foUowmg Kelvm (1856) Although 
the results of the theory have been apphed to whole nerves, the 
postulates should be much better represented by Nitella There 
can be httle question that the restmg fiber has properties which 
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arc described b} such an cquition and the equations arc developed 
here for purposes of consolidation and consistency of nomenclature 
Let Ti and r be the resistance for a unit length of the medium, and 
the cell intenor respectively, z„ the impedance between inside and 
outside for a unit length Let i,, u, and be the external, internal, 
and membrane currents in the positive direction, and Vi and Vt be 



I fnedium 







Fic 12 SchemaUc of NtUUa ccU to show currents and potentials m 

the neighborhood of a depolarized region and an inacuve end at the left ti, ts, 
and In are the external internal and membrane currents (for direction of arrows 
w p 59) and the other arrows m the figure mdicate the local arcuit current 
flow 1 0 is the reference potential and Fi and Fj are the external and mtemal 
potentials 


the potentials outside and inside, as shovra in Fig 12 Then by 
Ohm’s law 


bx 


dr 


: —Txil Fj — Fj ■* 

When there is no current flow to and from the system considered 
« ^ d*. 


Then 




-bi + ri)>- 


( 10 ) 


where Fi — V, = V 

For the reasons given above, we shall assume an equivalent mem 
brane arcuit given in Fig 9 The dielectric impedance of the mem 
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brane has been found to have a phase angle of about 80°, but for an 
approximate analysis we shall replace it by the pure capacity Cm 
with a 90° phase angle 

Let 


dF 


E-V 


and 


Substituting 


^3 — Cm ^.9 ^4 — 

bt r* 


, c)F , E-V 

I'm = ti + U = —Cm “ I 

ot r4 


(11) 




Ti + rj 


r 


( 12 ) 


and when we let X = sJxi.lix-L + the characteristic length, and 
Tm = Ti Cm, the membrane time constant. 


c)2F bv 
— - r„ — - F = -£ 


(13) 


This IS now the general equation relatmg all of the assumed char- 
actenstics of the cell as functions of space and time 
But V cannot be easily measured directly and the usual approach 
IS by the inactive end technique Choosmg an electrode at a; = 0 
on the mactive end as the point of zero potential for Vi and Vz, then 
the externally measured potential Vi at an unmjured point x is 
given by 

•z 

ti dx (14) 


Fi(a:) 




In other words, the restmg or mjury potential is caused entirely by 
local current flow at the junction of the mjured and unmjured regions 
Assuming that the mjury is of such a kind that the membrane po- 
tential IS abolished, then there is no potential difference across the 
membrane at a: = 0, and the potential mside the fiber Vz at x is 


F,(*) = 





since -f ^2 = 0 
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Thus 


1 


r>(l) - I ,(x) 



«r.W 


(IS) 


Wc ma> now define a reduced A by jC = k JB, and drop the sub 
senpts to obtain the same equations, where V is now the measured 
“monopbasic” potential 

Once the impulse has been initiated and is tra\ elmg with a uniform 
veloaty, p, mc may refer it to a space or time coordmate system 
whose origin travels with the same veloaty Smee the length of 
an impulse is of the order of a centimeter for veloatics from a centi- 
meter to a hundred meters per second, a space coordmate is to be 
preferred where j = x - t/ 

Then 


0i 


and we have 


_ii_ 

dy 


an ” <f/ 


anti 


<f‘r dV 

dy^ ay 


^ ^ ^ dV 
^ ^ dy 

-£ 


which may be rewritten for calculation, 

, frf’V' l dVl A,. a 

+ (16) 

where (3 = ri/fi, f< is the membrane resistance at rest, and Xo = 
l/p(ri -p r,)c,., the charactenstic length for a non conductmg mem 
branc X = Vf 4 /(ri -f rj) is the characteristic length due to mem 
branc conductance while Xu is the characteristic length due to the 
membrane capacity 

When we propagate a locahzed short circuit, so that E and r< have 
their restmg values at all pomts except y = 0, where the) are both 
zero, and V ^ E ~ e 


iPe de 


Smee X and X« are constant except at y = 0, 

e »» Cfl eip (— y/Xo) 


( 17 ) 
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Thus outside of the breakdown the action potential should be of 
exponential form with a charactenstic length 


X 



using the positive sign for 3)>0 which is ahead of the short circuit 
and the negative sign for y<0 which is behind it If the velocity 

V IS small as for Nttella, then X^Xo and Xq = X db j approachmg 

X, the resting characteristic length For a high velocity \<^VTm, Xo 
ahead approaches Xo, which is independent of r^, but behind be- 
comes VTm 


CONCLUSION 

The transverse impedance measurements over a range of fre- 
quencies mdicate that the impedance changes observed during activ- 
ity are due entirely to changes in the membrane characteristics By 
an extension of the transverse impedance theory it can be shown that, 
while there is no measurable change m the membrane phase angle 
(see Figs 4 and 5), the membrane capacity decreases at the height 
of activity about 15 per cent below its restmg value of 0 9 jaf /cm ^ 
As compared with this, the change of the membrane resistance from 
,1 probable value of 10® ohm cm ^ to an average value of 500 ohm cm ^ 
at the height of activity is very great (see Figs 6 and 8) This is 
taken as additional evidence that the capacity represents the non- 
conductmg aspect of the membrane and that the phase angle difference 
from 90° is a measure of the dielectric loss of the membrane, while 
the parallel membrane resistance is the conductmg or ion permeable 
aspect In the processes of excitation, conduction, and recovery, 
these two aspects seem to be quite mdependent of each other, and the 
non-conductmg aspect is very little affected 

It has been found that the membrane conductance increases very 
rapidly late in the rismg phase of the action potential at nearly the 
same time that the direction of the current flow across the membrane 
changes from outward to mward (see Figs 6 and 8) For this reason, 
we assume that the membrane e m f and resistance are closely re- 
lated, the latter bemg perhaps the mternal resistance of the emf 
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This structure is then considered to be m parallel mth the relatively 
inactive membrane capacit> On this basis the membrane emf 
IS found to decrease sharply at ncarl> the time the conductance in 
creases It is then this sudden change of the e it r and conductance 
which IS the basis of the all or none nature of the propagated activity 
Although the conditions for this change may be partially satisfied 
before it occurs, w c must consider the properties to be those of a restmg 
cell and the part of the action potential ahead of the change to be 
a purely passive propagation With these definite measurements of 
the time, course, and nature of the membrane changes and with an 
extension of the present technique, it should be possible to establish 
the necessary and sufficient conditions for the change, and so be a step 
closer to the understanding of the all-or none law 

SnMMAEY 

The changes in the alternating current impedance which occur 
dunng activity of cells of the fresh water plant Ntlello have been 
measured with the current flow normal to the cell ans, at eight fre 
quencics from 0 OS to 20 kilocycles per second, and with simultaneous 
records of the action potential under the impedance electrodes At 
each frequency the resting cell was balanced in a Wheatstone bridge 
with a cathode ray oscillograph, and after electrical stunulation at one 
end of the cell, the changes m the complex impedance were deter 
nuned from the bridge unbalance recorded by motion pictures of the 
oscillograph figure An extension of the previous technique of mter- 
pretation of the transverse impedance shows that the normal mem 
brane capaaty of 0 9 pf /cm * decreases about 15 per cent without 
change of phase angle, while the membrane resistance decreases from 
10* ohm cm » to about 500 ohm cm • during the passage of the ex- 
atation wave This membrane change occurs dunng the latter 
part of the nsing phase of the action potential, and it is shown that 
the membrane electromotive force remains unchanged until nearly 
the same time The part of the action potential precedmg these 
membrane changes is probably a passive fall of potential ahead of 
a partial short circuit 

We are very much indebted to Mr J M Spencer for his assistance 
in this work 
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(Accepted for publication Ma> 24 1938) 

Stt-inc pepsinogen, the inactive precursor of swine pepsin, has 
recently been isolated from gastric mucosae and crystallized (1) 
This protein has no proteolytic or milk clotting action at pH 5 0-G 0 
and IS unchanged m solution at pH 8 5 When a solution of pepsin 
ogen IS made more aad than pH S 0 it changes into the enzyme, pepsin 
Pepsin, however, clots milk at pH S 0-6 0 and is instantly inactivated 
at pH 8 5 Measurement of the milk clotting activity at pH 5 0-6 0, 
therefore, determines pepsin alone Complete conversion of pepsm 
ogen to pepsin at pH 2 0 followed by measurement at pH 5 0-6 0 
determmes pepsin plus pepsinogen, while pepsinogen alone may be 
estimated bj inactivating the pepsin at pH 8 5 and then convertmg 
the pepsinogen at pH 2 0, followed by an estimation of the pepsm 
thus formed 

In the previous work (1) other methods of estimation were used 
to examine the formation of pepsin from crystallme pepsmogen at 
pH 4 6 and it was found that the reaction was autocatalyhc, t e , 
a product of the reaction, pepsin, accelerated the formation of itself 
It was found that this transformation at pH 4 6 could be quantita- 
tively described bj a simple autocatalytic equation which states that 
the rate of reaction at any tune is proportional to both the pepsm 
and pepsinogen concentration At pH 4 6 the decrease in pepsmogen 
concentration was accompamed by a concomitant and equal mcrease 
m the pepsm 

In the present kinetic study the previous results at pH 4 6 have 
been confirmed and it has been found that under all conditions of 
vaned aadity and salt the formation of pepsin from pepsinogen is 

65 
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essentially autocatalytic for addition of pepsin always accelerates 
the reaction However, in solutions more acid than pH 4 0 the loss 
in pepsinogen was not immediately accompanied by an equivalent 
increase m pepsin Since the amount of pepsin ultimately reached 
the value equivalent to the total onginal pepsinogen concentration 
and for other reasons it is concluded that this discrepancy is not due 
to a secondary reaction involving either the pepsin or pepsinogen 
The experimental facts agree with the assumption that m the forma- 
tion of pepsin from pepsinogen there is an intermediate compound 
The presence of this intermediate compound is responsible for the 
deviations from the simple autocatalytic kinetics The compound 
differs from pepsinogen in being alkali (pH 8 5) labile like pepsin 
but differs from pepsin in being enzymatically inactive The com- 
pound {PI) IS a reversibly dissociable compound of pepsin (P) and 
a low molecular weight inhibitor (J), the dissociation being nearly 
complete below pH 5 0 and very small at pH 6 0 
The inhibitor is a peptide which is slowly destroyed in the presence 
of pepsin It is soluble and stable m boiling 2 5 per cent trichloracetic 
acid, insoluble in 0 7 saturated ammonium sulfate containing 2 5 
per cent trichloracetic acid, and dialyzes only slowly through collodion 
The transformation reaction may be schematically represented 
as follows 


(Pepsin) < pH 5 4 

Pepsinogen > Pepsin inhibitor Pepsin Inhibitor Pepsin -t- X 

compound ' > pH 5 4 


The pepsin inhibitor and pepsin inhibitor compound have many 
properties in common with the trypsin inhibitor and trypsin inhibitor 
compound reported by Kunitz and Northrop (2) However, the 
trypsin inhibitor is not formed from trypsinogen upon conversion into 
trypsin but is a material occurring in the pancreas 

Experimental Results 

The experiments reported here present a general survey of the 
kinetics of the transformation of pepsinogen into pepsin The general 
forms of the curves under the vanous conditions are significant and 
have been obtained repeatedly with vanous preparations but quan- 
titatively there is considerable vanation, oiving to the fact that the 
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reaction rate is \erj sensitive to slight changes in pH, salt concen- 
tration, temperature, and pepsin or pepsinogen concentration 

Effect of Variation tn Pepsin and Pepsinogen Concentration 
on the Reaction 

It iras shown in the writer’s previous work (1) that transformation 
of pepsinogen to pepsin at pH 4 6 followed the simple autocatalytic 
equation 


rf (pepsinogen) , <i (pespm) 

" + “ A (pepsmogenKpepsm) 


or on mtcgration 


23 


; logia 


r. 


(pcpsmogen(ii) 


-1 


(pepsinogen (fl)) t L(pepsinogtnj?)) - (pepsinogen fo)J 


■hC 


where pepsmogen (O) is the concentration of pepsinogen at txrae = 0, 
pepsinogen (o is the concentration of pepsinogen at time = /, and C 
the mtcgration constant is equal to the logarithm of the ratio of pep 
sinogcn concentration at time = 0 to the pepsin concentration at time 
= 0 This equation predicts that increasing the concentration 
of either pepsin or pepsmogen will result in an mcrease in rate of 
change in pepsmogen concentration per unit of time 


EXPERIMENTAL PROCEDXmE 

A To 3 4 ml water was added 0 4 ml m/ 1 pH 4 5 acetate buffer and 0 2 ml 
of a pepsmogen solution containing 2 nig protem nitrogen per ml The solution 
was kept at 35 5®C At intervals of time 0 S ml samples ^ere removed and the 
pepsmogen content deterramed as described under Experimental methods 

In a second tube 0 S ml of a solution of cr>^taUme pepsin prepared from Parke 
Davis pepsin at pH 4 5 contammg 1 mg protem nitrogen per ml was added to 
2 9 ml water followed by the acetate buffer and pepsmogen and treated m a sinular 
manner 

B The same procedures and solutions were used m this experiment as m ^4 
with the exception that the temperature was 0®C and the buffer instead of pH 4 S 
acetate was u/1 acetic aad Pipettes and solutions were all cooled to 5®C before 
using 

C To 4 ml of 5 N hydrochlonc aad was added IS 6 ml water at 0'’C and 0 4 
ml of pepsinogen contalnmg 5 mg protem nitrogen per ml The tube contammg 
the solution was kept in cracked ice and at mtervals of time 1 ml samples were 
removed wth previously chilled pipettes and the pepsinogen estimated m the 
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us'22.1 V zy In the aihalme borate solution used m the estunation of pepsinogen 
an eqiu’'alent of aliah vas present in the borate solution and this solution v as 
chilled to O’C before introduction of the acid m order to minimize the effect of the 
strong ah’^h on the protein- In the second tube v as 13 6 mb v ater, 2 ml of 
1 mg protein nitrogen pier mb ci; stalhne pepsm solution, 4 ml 5 n hj drochlonc 
aad and 0 4 mb pqismogen. Tins iras treated m a manner analogous to that 
used on the solution in the first tube 

In Fig 1 are the results of experiments m Trhich the effect of addmg 
pepsin to pepsinogen solutions vras examined at pH 4 6 , pH 3 0, 


pH 4-5 35-5® C 


y - 0 1 mg paprinogen U/tsI > 

c - 0 1 rrg. pzpsiiicgen l'»/mL +01 mg pqisin N/nb 

I pH30 0*C I pHOO 0*C 


2 3 

Hours 


5 10 15 20 0 

l^mutes 


2 4 6 

3>imutes 


Fig 1 Effect of pepsm on the transformation of pepsmogen at different pH 


and pH 0 In each instance the addition of pepsm caused an increase 
in the rate of reaction as measured by the loss m the pepsinogen 
This result is m agreement vnth the hj'pothesis that the system is 
essentially autocatalytic m nature at all pH 

EXPERBIENTAL PPOCEDEEE 

A To 7 65 mb vater, 1 mb ii/1 pH 4 65 acetate buffer, and 0 35 mb n/IO 
hj drochlonc aad vas added 1 mb of 10 mg protem mtrogen per ml pepsinogen 
solution The nurture v as bept at 35 5°C and at mtervals samples ivere removed 
and anal>zed for the amount of pepsmogen as described m Experimental methods 
Immediatelj after mixing the above reaction mixture 1 mb vas removed and 
added to 7 65 mb vater, 0 35 mb ^V10 sodium chlonde, and 1 ml u/1 pH 4 65 
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acetate all at 35 S“C This solution now contains 0 1 mL protein nitrogen per ml 
Aliquots were removed from time to time and analyzed for pepsinogen 

As soon as the above solution contammg 0 1 mg protein nitrogen per ml was 
mixed I ml was removed and added to 7 65 ml water, 035 ml n/ 10 sodium 
chloride, and 1 ml m/ 1 pH 4 65 acetate and handled just as m the above instance 
This solution contains 0 01 mg protein nitrogen per ml 

j? The three solutions m B containing respectively 1 0, 0 1 and 0 01 mg pro 
Icm nitrogen per ml w ere made up as desenbed below and kept at 0®C Samples 
v\erc aaal>’zed for pepsmogen 



Pie 2 Effect of pepsinogen concentration on the rate of transformation of 
pepsmogen at different pH 

“1 0 ml 5 mg protem idtrogen per ml pepsmogen was added to 4 ml S k 
hydrochlonc aad + 0 3 ml N/1 hydrochloric aad + 11 7 ml water all at 
“0 1”— 4 ml of 0 5 mg protem nitrogen per ml pepsmogen + 4 ml 5 n hydro- 
chloric aad + 12 ml water 

"0 or — 0 4 mL ot 0 5 mg protem mtrogen per ml pepsmogen + 4 ml 5 N hydro- 
chlonc aad + 15 6 ml water 

In Tig 2 are the results of expemnents in which the pepsinogen 
concentration was vaned at pH 4 6 and pH 0 At pH 4 6 an increase 
in pepsmogen concentration always resulted m an increase in the 
rate of reaction as measured by the loss in pepsinogen Further 
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proof of the autocatalytic nature of the reaction is shown by the 
fact that the determined values fall on a straight line when the logio 
/ pepsmogen(o \ 

I 1 IS plotted against the time, where 

\pepsinogen(o) — pepsinogen(o/ ^ 

pepsmogen (o is the concentration of pepsinogen at time t and pepsin- 
ogen ( 0 ) IS the ongmal pepsmogen concentration 
At pH 0 the results are not so clear The reaction is more com- 
phcated smce mcreasmg the pepsmogen concentration does not 
cause a marked mcrease in rate of transformation and the reaction is 

{ pepsinogen«) \ 

not exactly hnear when plotted as logio I ) 

^ ^ \pepsmogen(D) — pepsmogen(o/ 

but proceeds more slowly as the reaction contmues There are a 



number of explanations for these deviations but unfortunately ex- 
perimental difficulties prevent a decisive answer on this point How- 
ever, smce pepsin increases the rate of conversion at this pH it is 
highly probable that the reaction is stiU autocatalytic in nature but 
comphcated for reasons to be descnbed later in this paper 

Effect of pH on the Rate of Transformation 

If the transformation is autocatalytic one would expect a maximum 
rate m the region of acidity where pepsm is most active or efficient, 
i e , about pH 2 0 Smce salts were known to affect the reaction it 
was necessar)’^ to have a constant lomc strength The results of the 
experiments earned out in the presence of molar chlonde ion at 
0°C are shown m Fig 3 m which the reciprocal of the time necessary 
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for SO per cent conversion is plotted against the pH The curve is 
qualitativclj similar to the pH digestion curve of pepsin (3) and is 
therefore a further indication that the reaction is catalyzed by pepsin 

EVPERXSIENTAI. PROCEDURE 

All the solutions used m this ciipcnincnt vere ir/10 with respect to acetate ion 
and jr/J noth respect to chlonde ion ITie pH was detenaised decUometnaUy 
by a glass electrode standardized against u/10 pH 4 0 acetate buffer The solu 
tions were kept in the ice bath dunng the entire expenment and chilled pipettes 
were used throughout The volume, S ml , and pepsinogen concentration of 0 1 
mg protein mtrogen per ml was the same fn all lubes The tubes differed only 
in the amount of h)drogen ion which was regulated bj acetate buffer and hydro- 
chlonc aad The pepsinogen was a heat denatured and reversed preparation 
which had subsequent!} been fractionated and dialyzed 

Changing the pepsinogen concentration changes the rate of reaction 
more on the alkaline side of the maximum than on the aad side The 
shape of the pH rate of reaction curve mil, therefore, vary somewhat 
with the pepsinogen concentration 

i:jecl of Sail on Reachon 

If the change m pepsinogen catalyzed by pepsin is similar to the 
ordinary’ digestion of proteins by pepsin it would be expected that 
the rate of transformation would be depressed by the addition of 
neutral salts It was found, however, as may be seen in Fig iA 
that the rate of reaePon as measured by the loss in pepsinogen is 
inaeased by the addiPon of salts at pH 4 0 The pH of the solution 
was shifted as much as a half a pH unit but after correcting for this 
effect there is sUll a very definite accelerating effect The change 
in pepsmogen still follows the autocatalytic equation as may be seen 
from the type of plotting in Fig iA The addition of salt on the 
acid side of the pH transformation maximum has the opposite effect, 
as seen m Fig 4 B Here the pH is also affected by the addition of 
salts but even corrcctmg for this the salt depresses the rate of reaePon 
It might be pointed out that these experiments m Fig 4 B follow the 
autocatalytic plot more nearly than those at pH 0 in Fig 2 B 

experhientai. procedure 

The pepsmogen content of the solupons in both A and B was 0 1 mg protem 
mtrogen per ml and the temperature was 25 C and 0®C respecUvely Abquots 
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were removed from time to time and pepsmogen content determined as described 
under Experimental methods The pH was determined electrometncally with a 
h3"drogen electrode standardized against m/10 pH 4 0 acetate buffer and m/10 
hydrochloric aad 

A In the presence of no salt m/10 pH 4 0 acetate was used With sodium 
chloride and magnesium sulfate pH 4 45 acetate w as used and the resultmg pH is 
recorded on Fig 4 A 

B The concentration of h)'drochloric acid and sodium chloride and the E M F 
of the activation mixture are mdicated on Fig 4 B 



Minutes Minutes 

Fig 4 Effect of salts on the rate of transformation of pepsmogen at differ- 
ent pH 


Evidaicc for an Intermediate Compound^ {PI) 

As pointed out earlier in this paper, the decrease in pepsinogen 
should be equal to the increase in pepsin if the reaction consists simpl}’^ 
of the conversion of pepsinogen to pepsin This was the case m the 
experinients first reported (1) which were earned out at pH 4 6 
However, when similar experiments w^ere earned out m solutions more 
aad than pH 4 0 it was found that the deaease in pepsmogen was 
faster than the mcrease m pepsm This is shown clearly m Fig 5 
where the changes in pepsinogen and pepsm were exammed at pH 4 6, 
pH 4 0, pH 0, and at pH 4 0 m the presence of molar magnesium 
sulfate It may be seen that at pH 4 6 the amount of pepsm found 
is equal at any time to the amount of pepsmogen lost, thus confirming 
the previous work Under the other condiUons, however, when 
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the pepsinogen \\as completely altered there was only a fraction 
of the pepsin present On longer standing the pepsin concentration 
alwa>s reached a value equivalent to the total original pepsinogen 
concentration The discrepancy between the pepsinogen lost and the 
pepsin found cannot be due to the irreversible destruction of pepsin 
nor to any secondary reaction mvolvmg cither pepsin or pepsinogen 



Fig 5 Companson of increase In pepsin with decrease in pepsinogen during 
transformation under different conditions 

but must be due to an intermediate mactive substance which later 
IS converted mto active pepsin 

experimental procedure 

The solutions in all four parts of Fig 5 contained 0 1 mg protein mtrogen per 
ml and the changes in pepsinogen and pepsin were determined by the proce 
dures outlined m the Experimental methods 



74 KINETICS OE PEPSIN FORMATION FROM SWINE PEPSINOGEN 

The solutions were made up as follows 

^ 1 ml heat denatured and reversed pepsmogen contammg 1 mg protein 
nitrogen per ml was added to a solution made up of 1 ml 2 N hydrochlonc acid + 
4 ml n/1 sodium acetate + 4 ml water The reaction was earned out at 35 5°C 

B 0 1 ml of 10 mg protein mtrogen per ml pepsinogen was added to 10 ml 
of m/10 pH 4 0 acetate at 2S®C 

C 0 1 ml of 10 mg protein nitrogen per ml pepsinogen was added to a solution 
made up of 5 ml 2 m magnesium sulfate + 1 ml m/1 pH 4 45 acetate and 4 ml 
water, all at 25°C 

D 0 1 ml of 10 mg protein nitrogen per ml pepsmogen was added to 10 ml of 
n/ 1 hydrochlonc acid at 0°C 

o - Normal increase in pepsin o - Artificially prepared PI 

from pepsinog'en at pH4 6 x- PI prepared in-^ M^SO^ 

^“Increase in pepsin from PI at pH 4. 

solution at pH 4 6 • * PI prepared at pH 0 



Hours Minutes 


Fig 6 A Companson of rate of formation of pepsm from pepsinogen and the 
mtermediate compound, FI, at pH 4 6 B Companson of rate of formation of 
pepsm from PI prepared by different procedures 

Further evidence of an intermediate compound is shown in Fig 
6 A A pH 0 transformation mixture in which all the pepsinogen 
had disappeared but which contained only a small fraction of its full 
pepsin activity was shifted to pH 4 6 and the rate of pepsin formation 
examined This was compared with the rate of formation of pepsin 
in a similar pepsinogen solution which had been at pH 4 6 throughout 
the entire reaction It may be seen in Fig 6 A that pepsin is formed 




ROGER M HERRIOTT 


7S 


in the tno solutions at entirely different rates and therefore the two 
solutions must contain different substances At pH 0, therefore, an 
intermediate compound, FI, accumulates in the solution and at pH 4 6 
this dissociates into pepsin and inhibitor 
In Fig 6B arc the cunes showing the rate of pepsin formation 
from the intermediate compound called FI prepared m three quite 
different ways Since the matcnals change into pepsin at about the 
same rate it is probable that they arc the same substance 

exteeimental procedure 

A Normal Transformaiton at pU 4 6 — 1 ml of dialyzed purified heat de 
nalured and reversed pepsinogen solutions containing 1 mg protem nitrogen per 
ml was added to a solution made up of 1 ml 2 n hydrochloric aad, 4 ml n/ 1 
sodium acetate, and 4 ml water The solution was Upl at 35 5®C and analyzed 
at varjmg mtcrvals of umc for activ*® pepsm by the rennet method after a dilu 
tion of 0 1/10 in water 

Tronsfomation of (PI) at pH 46 — 1 ml of the same pepsinogen as used m the 
above experiment but cooled to 0®C vvas added to 1 ml 2 n hydrochloric aad 
also at 0'’C This was kept at this temperature for 10 minutes after which 8 ml 
of cold ^/2 sodium acetate was mixed xnlh it The tube containing the solution 
was placed at 35 5^C and analyzed immediately for pepsmogen and at v'arymg 
mtervuls of time for pepsin activity as in the above eiperiracnt The pepsmogen 
content was onlv 10 per cent of the anginal amount, % t , there had been a 90 per 
ccat conirrsjon 

S Arii^aally Prepared PI 

Inhiintor — 145 nil 1 mg protein nitrogen per ml pepsinogen at room tarn 
petature pH 65 4-3 ml 02 n hydrochloric aad for 30 mmutes at room tern 
petature, 1 S ml n/I sodium hydrondc added and solution left 10 mmutes after 
which 4 0 ml n/ 1 hy drochJonc aad added and soluUon allowed to stand 30 rmn 
utes, suspension filtered Filtrate titrated to pH 3 5 Analy’sis showed the 
presence of no pepsm activity in this filtrate 

PI — 0 5 ml of dialyzed punfied pepsm from pepsmogen soluUon was added 
to 1 ml n/1 sodium acetate and 2 ml of the above described inhibitor solution 
pH 6 0 (ycBow to methyl red and brora thymol blue) After 90 minutes at 25®C 
this soluUon was cooled to O^C and mixed with a solution of the following aim 
position at 35*C I ml dNhvdrochloncaad 11 5 ml water, 2 ml 2 u magnesium 
sulfate, and 1 9 ml 4 m sodium aceute. This soluUon after thorough mmng was 
brought to 35 S®C and samples removed and diluted 0 1/10 in water and analyzed 
immediatelv after diluuon for pepsin by the rennet method 

PI Prepared from Pepnnogen ai pff 40 tti the Presence of 11 /I lfognes\um 
Sulfate —1 ml dialyzed fracUonated reversed heat denatured pepsmogen con 
taming 2 mg protein mtrogen per ml was mixed with 2 mk 4 u pH 4 6 acetate 
aad 2 ml 2 it magnesium sulfate and allowed to stand at 0 C for 155 tmnutes 
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This solution was then mixed with a solution at 35 S^C contammg 2 ml 2 M 
sodium chlonde, 2 ml 2 m pH 4 6 acetate, and 12 ml water After thorough 
mmng 0 1 ml samples were removed, diluted to 10 ml m water, and activity 
determmations made as m above solution 

PI Prepared from Pepsinogen at pH 0 — 1 ml of the pepsmogen used m the 
above experiment contammg 2 mg protem mtrogen per ml was added to 1 ml 
4 N hydrochlonc aad and 2 ml water at 0°C where it was kept for 10 mmutes 
A solution made up of 2 ml 2 m magnesium sulfate, 2 ml 4 m sodium acetate, 
and 12 ml of water at 35°C was added There was less than 7 per cent of the 
ongmal pepsmogen left, t e , there was 90 per cent conversion Samples were 
analyzed as m the above experiments after dilution of 0 1/10 m water 


General Nature of the Intermediate Compound, PI 

The amount of demonstrable pepsin activity m activation mixtures 
below pH 4 vanes with the dilution, time, and pH of the solution used 
for measurement This suggested the existence of a dissociable pepsin 
inhibitor compound as the intermediate compound It was found 
that if solutions which had developed full pepsm activity were titrated 
to pH 6 0 the activity decreased slowly with tune, suggesting that 
the dissociation of the pepsm inhibitor compound was reversible and 
a function of pH This is actually the case and the midpoint in the 
dissociation equiUbnum is the vicinity of pH 5 4 with complete dis- 
sociation m solutions more acid than pH 4 0 and nearly complete 
association at pH 6 0 


Mechanism of the Transformation 
The entire reaction may be represented schematically as follows 
(Pepsin) ■‘C pH 5 4 

Pepsinogen > Pepsm inhibitor — Pepsm + Inhibitor — > Pepsm + X 

compound pH5 4 


The first reaction from pepsinogen to pepsin inhibitor compound 
is catalyzed by pepsm while the second reaction from the compound 
to free pepsm and the inhibitor is a reversible dissociation The 
third reaction is the destruction of the inhibitor m the presence of 
pepsm 

Since the pepsin inhibitor compound can be demonstrated m trans- 
formation mixtures at pH 0-pH 4, it cannot be supposed that the 
pepsm and inhibitor are first formed separately m solution and then 
combme to form PI compound, for the equihbnum at these pH is m 
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fB\or of the dissoaatcd free pepsin and the enzyme, P, should there 
fore not combine with the inhibitor, I 
At pH 4 6 where the changes in pepsin and pepsinogen arc equiva- 
lent the first reaction is the slowest and determines the rate with which 
pepsin IS produced, re, the PI dissoaates liberating actue pepsin 
as fast as it is formed In solutions more acid than pH 4 0 the first 
reaction is faster than the second or dissociation reaction Con 
scquently the dissociation reaction determines the rate of formation 
of free pepsin and accounts for the accumulation of the PI compound 
in the solution 


General Nature of Ike Inhibitor, I 

The inhibitor may be prepared free of pepsin by alkali denaturation 
and aad precipitation of the pepsin m a freshly activated solution 
When the filtrate containing the inhibitor is mixed with solutions of 
crystalline pepsin at pH 6 0 the pepsin activity decreases slowly 
This change may be reversed by mere acidification of the solution 
If, however, the activation solution is allowed to stand at pH 2 0-S 0 
for a number of hours the inhibitor slowly disappears In the absence 
of pepsin the inhibitor is quite stable over this range It is stable and 
soluble in boiling 2 5 per cent tnchloracetic aad, insoluble in 0 7 
saturated ammonium sulfate containing 2 5 per cent trichloracetic 
acid, ancl dialyzes only slowly through collodion 

EXPERIMENTAL METHODS 

Ratittl Acimly ileasurcmcnls —Ibe rennet method was earned out as de 
scntied previously (1) using "20 per «nt Khm” in Ji/10 pH S 0 acetate buffer 
The Khm solution was prepared at least 12 hours before used and discarded 2 days 
after preparation In a given experiment aU samples were diluted to the same 
volume and unless the concentraUon of aad or buffer was too high the solvent was 
distaied water The estimation was made unmediately after dflutmg unless 
otherwise stated in the procedure of the particular experiment 

Detcminalion of Pepnnoten —This measurement mvolves the alkah denatura 
tion of pepsin and pepsin mhibitor compound at pH 8 65 and room temperature 
for 15-30 tmnutes followed by fuUactivaUon of the pepsmogen at pH 1 0-2 0 and 
activity estimations of the resultmg pepsm The soluuons used and techmque 
varied somewhat depending on the concentraUon of buffer and aad m the sample 
contaimng pepsmogen which was made alkahne When the sample contamed 
as much as 1 N hydrochloric aad as in mixtures at pH 0 so that an equivalent of 
alkah was required the alkahne soluUon was kept at 0 C until mixing and neu 
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tralization were complete This dimimshed secondary effects due to localization 
of the strong alkali 

The details may best be given by the following example 0 5 ml sample of 
activation mixture was mixed with 1 5 ml of n/3 pH 8 65 borate buffer containing 
alkali equivalent to acid in the sample This solution remained at 2S°C for 15-30 
mmutes after which 1 ml of n/2 sulfuric acid was added or sufSaent aad to make 
the solution just pink to thymol blue After standing 30 minutes at 25°C this 
solution was diluted m water and analyzed by the rennet method or hemoglobin 
method The analyses by both methods are quantitatively comparable Since 
the estimation of pepsin in the onginal activation mixture was and must be earned 
out by the rennet method all of the measurements in the determination of pep- 
sinogen m the present work were made by the rennet method 

Determination of Pepsin in the Transformation Mixture — Estimation of pepsin 
m a transformation mixture was made by merely diluting a sample in water or 
dilute acetate buffer of such concentration and pH that the pH of the dilution 
did not get above pH 4 65 The estimations were made immediately after diluting 
and mixmg 

Pepsinogen Preparations — Nearly all pepsinogen used in this work was pre- 
pared as previously desenbed (1) but without crystallization The preparation 
was dialyzed against dilute pH 6 8 phosphate buffer and then frozen and dried as 
desenbed previously (1) In this way salt and buffer free stable matenals of 
reproducible nature were used 

pn — pH estimations unless otherwise noted were colonmetnc using indicators 
of Clark and Lubs 


SUMMARY 

A study of the kinetics of the transformation of swine pepsinogen 
into pepsin under a vanety of conditions has been made The results 
show that the transformation as a whole is essentially autocatalytic 
in nature under all conditions 

Evidence is presented to show the existence of a compound inter- 
mediate between pepsinogen and pepsin This compound was found 
to be a reversibly dissociable complex of pepsin and a low molecular 
weight inhibitor 

Some of the general properties of the intermediate compound and 
of the inhibitor have been examined 
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In the hemoglobin method for the estimation of proteinase, de- 
natured hemoglobin is digested under standard conditions, the un- 
digested hemoglobin is preapitatcd with trichloracetic aad, and the 
amount of unpreapitated protem qiht products, which is a measure 
of the amount of protemasc present, is estimated with the phenol 
reagent which gives a blue color with tyrosme and tryptophane 
Hemoglobin, unlike casein and gelatin, is a rcproduable substrate 
Different batches of hcraoglobm are digested at the same rate by 
a given protemasc solution 

E\en when peptidase is present m addition to protemase, the 
formation of products not preapitable by tnchloracetic aad is due so 
far as is known to protemasc alone 
Hemoglobin methods have been described for pepsm (Anson and 
Mirsky, 1932), trypsm (Anson and Mirsky, 1933), papam (Anson, 
1937 o), and cathepsm (Anson, 1937 i) Smee the methods were 
first worked out several mmor errors have been corrected, the prepa 
ration of the hemoglobm substrates has been sunplified, and the 
estimation procedures have been standardized Rather than pomt 
out the numerous changes which have been made I have considered 
It sunpler and more useful to describe completely the procedures as 
they are now used m this laboratory To avoid confusion about 
results already pubhshed no radical changes have been made The 
pepsm, trypsm, and papam substrates are the same m composition 
as those ongmally desenbed The cathepsm substrate now contams 
0 001 M ammonium sulfate which mcreases the rate of digestion 
In the case of the estimation of pepsm the procedure for the estimation 
79 
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of the products of digestion and the calculation of the activity units 
have been modified to conform with the procedures used in the estima- 
tion of the other proteinases The onginal method gave activity 
values m terms of pepsin units which are 10-15 per cent higher than 
the present method 

The Preparation of Hemoglobin — Whipped beef blood is centrifuged 
20-30 minutes The serum and the white corpuscles which form a 
thm layer on top of the red corpuscles are siphoned off and the red 
corpuscles are then mixed with an equal volume of cold 1 per cent 
sodium chlonde solution and after centrifugation the supernatant 
solution is siphoned off again and the corpuscles are either stored 
frozen or dialyzed immediately and then stored frozen The cor- 
puscles are largely freed of color producmg substances not precipitable 
by tnchloracetic acid by dialysis m Du Pont cellophane tubmg of 
% inches diameter Cellophane detenorates on standing, especially 
the outer layer of the coil which is most exposed to the air It is 
necessary to test the tubmg for leaks One end of the tubing is wetted 
with water and a knot is tied m the end of the tubing The tube is 
then filled with water and the open end is twisted and folded over 
While the folded part is pressed closed with one hand the tubmg is 
squeezed with the other The squeezmg, m addition to showmg up 
leaks, stretches the tubmg and thus excessive stretchmg and dilution 
dunng dialysis are avoided If the tubmg is satisfactory the water 
IS poured out, a marble is put m, the tube is filled with the washed 
corpuscles and the end of the tubmg is closed wuth a knot m the cello- 
phane itself The tubes are placed m a tail vessel Cold tap water 
IS run into the lower part of the vessel at a rate sufficient to cause 
stirrmg Occasionally the tubes are inverted and the hemoglobin 
solution IS thus stirred by the marbles After 24 hours dialysis the 
hemoglobm solutions from all the cellophane tubes are mixed and the 
mixed solution is stored frozen m small aluminum contamers or card- 
board ice cream contamers It is easily possible to prepare enough 
dialyzed hemoglobm at one time for thousands of protemase es- 
timations 

To estimate the concentration of protein m the dialyzed corpuscles 
a 3-5 gm sample is weighed out m a porcelam evaporatmg dish, dned 
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overnight at lOS’C , and the dry weight recorded The number of 
grams of protein per cubic centimeter of sample is 

Weight ot dned protein 

(Weight of sample — weight of dried ptolem) + 0 73 weight of dned protein 

IVhcn it IS not convenient to store the dialyzed hemoglobm frozen 
it can be stored at room temperature as a dry powder If the hemo 
globin solution is frozen while the drying takes place the hemoglobm 
remains soluble 

Bacto hemoglobm of the Difco brand can be used for rough work 
when the blank is not of importance It consists of dned washed 
corpuscles The other commercial hemoglobms, so far as I know, 
are prepared from unwashed corpuscles or from whole blood Some 
of them give resultsvcry different from those obtained with the hemo 
globm whose preparation has just been described 

Casein and edcstin or egg albumin can be used instead of hemo 
globm Gelatin cannot be used since it is not preapitatcd by tn 
chloracctic aad 

Phenol Reagent — To the phenol reagent prepared according to 
Folm and Ciocalteau (1927) twice its volume of water is added 
Whenever the phenol reagent is referred to this diluted reagent is 
meant 


The Estimation of Pepsin 

Preparation of Hemoglobin Substrate — The dialyzed hemoglobm 
solution is diluted with water to give a solution containing 2 5 gm 
protein per 100 cc. and is centnfuged The small preapitate is 
rejected 1 0 mg merthiolate (Lilly) per 40 cc is added as a pre- 
servative Toluol should not be used nor should the amount of 
merthiolate be mcreased since larger amounts give a significant color 
with the phenol reagent The 2 5 per cent hemoglobin solution is 
stored at S^C 

4 cc of 2 5 per cent hemoglobm solution is added with an automatic 
pipette to a 1 75 X 20 mm test tube Then 1 cc of 0 3 N hydrochlonc 
aad IS added from an automatic pipette The final pH is 1 6 The 
aad substrate solution is stored at S^C and used withm a day or two 
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Since in some cases the blank increases with time If the substrate 
solution IS kept for more than an hour before being used, the test 
tube should be stoppered 

Digestion and Color Development — ^Digestion is carried out at 
25°C A convenient holder for the tubes is a piece of wood or bakehte 
with holes slightly larger than the diameter of the tubes The tubes 
float upright m the bath Enzyme and substrate are brought to the 
digestion temperature before digestion is begun 

1 ml of enzyme solution is added to 5 ml of substrate solution 
and the two solutions are mixed by whirling the tube After 10 
mmutes 10 ml of 0 3 n trichloracetic acid (estimated by titration) 
IS added, the tube is shaken vigorously, and the suspension is filtered 
A filter paper such as Whatman No 3 which does not absorb split 
products must be used The color value of the split products should 
be the same whether the protein precipitated by trichloracetic acid is 
removed by filtration or centrifugation 
To 5 ml of the digestion filtrate in a 50 cc Erlenmeyer flask are 
added 10 ml of 0 5 N sodium hydroxide and 3 ml of the phenol 
reagent The solution is whirled during the addition of phenol reagent 
Smce the color formed depends somewhat on the rate at which the 
phenol reagent is added this rate is standardized by adding the reagent 
as rapidly as is possible and still have the reagent come out of the 
burette as drops The color is read agamst the standard after 2-10 
mmutes 

The Standard — The standard tyrosme solution contams 0 0008 
miUiequivalents of tyrosine (0 0112 mg tyrosme nitrogen) m 5 ml 
0 2 N hydrochloric acid, with 0 5 per cent formaldehyde as a preserva- 
tive The concentration of tyrosine is determined by the Kjeldahl 
method 5 imnutes are allowed for the color development after the 
addition of 10 cc of 0 5 N sodium hydroxide and 3 cc of the phenol 
reagent in the manner already described 

In practice a blue glass is used as a standard mstead of the blue 
solution obtamed from 0 0008 imlhequivalents tyrosine To avoid 
the necessity of finding a blue glass which exactly matches the color 
of the tyrosme-phenol reagent solution a No 241 Coming glass filter 
IS placed in or above the eye piece of the colorimeter In the fairly 
monochromatic red light transmitted by this filter different blues 
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look nlikc rhc l)Iuc Mantlird !<; calibnttd i\Tlh the Urosme 
Mnndard wl thii cihbntion i'; freqiicntU cheded 
lllarf —10 cc of 0 3 tnddnncctic aad »s miied vnlh 5 cc of 
lifmoj’lobin *^ 110100 , 1 re of cnnmt. solution 1 ? added, the tube is 
ogam shaken and the susi»ensum is fiUrrttl WTitn a punfieel enzainc 
solution IS used for digestion the blank is not increased b> the enzame 
solution and 10 cc of 0 3 v tndiloracctic nad is added to a miaturc of 
See hemoglobin solution and 1 cc aaatcr lee of a l)n)sine solution 
containing OOOOS millictjuiaalenls of tarosine dissolved in 0 1 h 
hadrocblonc aad containing 0^ per cent form3ldcb}dc is added to 
S cc of the blank tnchloncctlc aad filtrate The color is then dc 
aclojaed ba the addition of 10 cc soilium badroaidc and 3 cc phenol 
reagent and read after S minutes against the standard 
Cakulaliens — Color aaliicof 5 cc digestion filtrate in milbcquiaa 
Icnts ta rosinc 


CelonnttcT reading for sUoiUnt 
Cota-tmclef rritUnR for diiroUon Cluale 


X 0C003 


Color a able of S cc blank filtrate « 


(colonirclcf rpadhs ter tdenk lijtrllc + oddrd tyrmlnc 


Celerimpter readme for alandard 


xoooosx 


n)- 


oooos 


Unless spilt products arc added avith tlic enra-mc (he blank is usuallj 
about 0 OOOOS millicquia alcnts of (>Tosinc 
Color a alue of digestion products m 5 cc. of digestion filtrate ■= color 
value of 5 cc of digestion filtrate — color \ alue of S cc blank filtrate 
Tlic number of actiaata units corresponding to the color value of 
the digestion products in 5 cc of digestion filtrate is read off from the 
curve (Fig 1) When the blank is constant one can omit the calcula 
tion of color aalucs and use a curac in avhich the colonmctcr rcadmg 
for S cc. digestion filtrate is plotted against actiaat> units 


The estimation 0 / Tripsin 

Hemoglobin Sttbslrale —A solution is made up containmg 8 cc of 
1 N sodium hydroxide, 72 cc aaatcr, 36 gm urea, and 10 cc of 22 pet 
cent hemoglobin (22 gm hemoglobin per 100 cc solution) This 
alkaline solution is kept at 25°C for 30-60 minutes to denature the 
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hemoglobin and is then mixed with a solution containing 10 cc 1 m 
potassium dihydrogen phosphate and 4 gm of urea The final pH 
IS 7 5 1 mg merthiolate (Lilly) is added to each 50 cc of hemoglobm 

solution as a preservative The hemoglobm solution is stored at 5°C 
and is stable for weeks 

Smaller or larger quantities of substrate solution can, of course, 
be made up so long as the components are added in the manner 
and the proportions given 

The activity curve is given in Fig 2 

The procedure for the estimation of trypsin is the same as that for 
the estimation of pepsin except that because of the uream the substrate 
solution it IS necessary after the addition of trichloracetic acid to 
wait 30 minutes before filtration both in the preparation of the diges- 
tion filtrate and in the preparation of the blank filtrate 

The Eshmaiton of Papam 

The hemoglobin substrate and the estimation procedure are the 
same as m the estimation of trypsin The papam must be activated 
before estimation ‘ This is done as follows To 0 5 ml papain solution 
is added 5 drops 2 N sodium cyanide After 3 minutes at 25°C 
9 25 ml of water is added If further dilution is necessary it is 
carried out with a solution containing 5 drops of 2 n sodium cyanide 
m 10 ml of water 

To obtain the papain activity curve (Fig 3) digestion was carried 
out with activated aqueous extract of Optimo Papain (S B Pemck 
and Company) The amounts used for digestion corresponded to 
0 06-0 3 mg of the original powder It is not Icnown whether or not 
all samples of commercial papain give the same activity curve 

The Eshmation of Cathepstn 

Preparation of Hemoglobin Substrate — There is added from an 
automatic pipette to a 175 X 20 mm test tube 4 ml of centrifuged 
2 5 per cent hemoglobin solution containing 1 mg merthiolate per 

^ The activation procedure described gives more rapid and complete activation 
of crude commercial papam than the usual activation in less alkaline solution 
It has not been proved that it gives complete activation The cyanide is necessary 
to eliminate mhibitors in the hemoglobm solution as well as to activate the enzyme 
The amount of cyanide needed for this purpose may vary with different hemo- 
globm preparations 
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40 cc (the same solubon used for the preparation of the pepsin sub 
strate) Trom another automatic pipette 1 ml of a solution 1 35 jt 
in respect to acetic aad and 0 02 m in respect to ammonium sulfate 
is added The final pH is 3 5 The acid substrate solubon is stored 
at S°C and used within a dav or two before the blank mcreases 
The cstimabon procedure is the same as that used in the estimation 
of pepsin except that the digestion is earned out at 37°C instead of 
25°C The concentration of ammonium sulfate in the enzyme solu 
bon should not be greater than 0 04 ii (0 01 saturated) since ammo 
mum sulfate in greater concentration decreases the rate of digesbon 
Tunfied beef spleen cathepsm was used to obtam the acbvity curve 
(Fig 4) 

Actmly Units and the Construction of the Curves 
This section defines the activity units and gives the directions for 
constructing a curve relating acbvity units to color values of digestion 
products It IS not necessary to read this section m order to use the 
procedures for the esbmation of pepsm, trypsm, papam, and cathepsm 
which have been described, since the curves are already given If 
the hemoglobin method is applied to other protemases, however a 
new curve must be worked out in each case and, m each case, the 
proper substrate solution must first be found 
One unit of proteinase is defined as the amount which digests hemo- 
globm under the standard conditions at an initial rate such that there 
IS hberated per nunute an amount of split products not precipitated 
by tnchloraceUc aad which gives the same color with the phenol 
reagent as 1 miUiequivalent of tyrosine This unit is similar to the 
other proteinase units previously used in this laboratory (Northrop 
1932) The specific acbvity is the acbvitv per milligram of enzyme 
nitrogen The standard temperatures are taken to be 23°C for papain 
and 37°C for cathepsm, these bemg the temperatures used in practice 
In the cases of pepsin and trypsin, the first two protemases studied, 
although m pracbee the digesbon is earned out at 25°C the standard 
temperature was taken to be 35 5°C that bemg the standard tempera 
ture previously used m this laboratory The initial rate of digesbon 
by pepsm is 1 82 times greater at 35 5°C than at 25°C With trypsm 
the rate is 1 78 bmes greater at 35 S^C than at 25°C 
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To obtain an activit}^ curve, the hemoglobin solution is digested for 
10 minutes mth different amounts of enz 5 Tne expressed as cubic 
centimeters of some stock solution A curve is plotted relatmg the 
color values of the digestion products, 7 e the color values of the 
digestion filtrates corrected for the blanks, to the amounts of enzyme 
used A Ime is drawn tangent to the first part of the curve and there 
is read oft from this line the amount of enzyme which gives a color 
value of 0 001 milliequivalents of tyrosine for 5 cc or A of the whole 
trichloracetic aad filtrate after 10 mmutes of digestion This amount 
of enzyme multiplied by 1000 X 're X 10 is the one unit of enz}Tne 
which produces split products with a color value of 1 milliequivalent of 
tyrosme m the whole 16 cc of solution per minute 

The number of activity units per cubic centimeter of stock solution 
IS now known and one can replot the curve to give activity units 
agamst color values 

A convenient practical hemoglobm unit which has no theoretical 
significance or theoretical relation to units previously used is this 
When hemoglobin is digested for 10 mmutes by 1 practical hemo- 
globin unit of protemase at the temperature regularly used the color 
value of the digestion products m 5 cc of tnchloracetic acid filtrate 
is 0 0008 milliequivalents of tyrosme For each protemase an em- 
pirical curve must be obtamed relatmg activity umts to color values 
It IS not necessaiy to obtain the first part of the curve which is not 
used m practice and which cannot be obtamed as accurately as the 
rmddle portion of the curve The curves given for the standard 
units can be used to calculate the curves for the practical units 
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NATURE or THE ACTION CURRENT IN NITELLA 
IV Proddction of Quick Action Currents b\ Exposure to NaCI 
Bi S E HILL AtJD W J V OSTERHOUT 
(r rpm the Lahoraiorus oj The Rockefellrr hisltli/lr for }fotlicol Research) 
(Accepted for publication April 22, 1938) 

To understand the nature of the action current we must bnng it 
as far as possible under e\-pcnmental control 

Several methods have already gi\ en promising results' with Nilclla 
One of these consists in treating cells with NaCl 

The usual action curve of Ntlclla is shown m Tig 1 It has been 
suggested* that it depends on the movement of K+ and if this can be 
manipulated it should be possible to control the action current 
An attempt m this direction has met with some success The principle 
involved is as follows 

The normal action current appears to flow outward from the sap 
across the protoplasm, then lengthwise, chiefly in the cellulose wall, 
and back into the sap (Eig 3, at a) In crossing the protoplasm 
it passes through an aqueous layer II bounded by' very thin non 
aqueous layers \ and I , whose resistance is undoubtedly very high 
If IE could be made more conductive so that the lengthwise flow would 
take place in it (Eig 3 at b) rather than in the cellulose wall we might 
expect more rapid recovery and action curves with a smgle peak 

' Unpublished results See also Oslerhout W J V and HiU S E Some 
wa>s to control bioelectncal beharior m Cold Spring Harbor simposiaon quan 
titaure biology. Cold Spring Harbor Long Island Biological Assoaation 1936 
4, 43 Hill, S E Biol Bull 1937-38 73, 362 

The expenments were performed on Ritella jlexihs Ag using the technique 
described in a former paper (Hill S E and Osterhout W J V J Gen P/i\siol 
1937-38 21, 541) Temperature 18-25 C 

The cells after neighboring cells had been cut away were placed m Solution A 
for some days They were transferred to 0 01 M NaCl for half an hour or more 
and then placed on paralTin blocks using floyimg contacts or cup technique as 
previously desenbed 

* Oaterhout W J V J Gen Physiol 1934-3a 18, 215 
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Fig 1 Shows a normal monophasic action current The spike goes to zero 
as frequenth happens (In this case the zero is onh approvimateh known 
since It IS assumed that in contact with 0 01 m K.C1 the p D is zero (as is usualh 
the case) hence it is labelled “App zero ”) This applies to all the other figures 
except Fig 8 

The leads were arranged as shown in Fig 2 The record of Z? m contact with 
0 01 ii NaCl IS shown that of C and E (omitted to save space) shows that no 
change occurred at F, which was m contact with 0 01 ii KCl 
Hea%w time marks 5 seconds apart Temperature 23°C 
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Fig 2 Diagram to show the arrangement of leads and the h\'pothetical 
structure of the protoplasm 

The aqueous la> er IF is bounded b\ the non-aqueous laj ers A’ and V The 
arrow s show the p d at F supposedly due chiefly to an outw ard gradient of K'^ 
across F In addition there maj be m some cases an outw ard gradient at A' 

The electncal stimulus consists of a current entermg at A and going out at B 
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Fig 3 Hy pothetical diagram to show the course of the normal action current 
(a) and the course of the quick action current (h) 
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Both of these e\-pectations arc realized rrhen we expose the cell 
for half an hour or more to 001 u NaCl \xhich presumablj makes 
11 more conductn e 

Let us nou consider some of the important factors in this situation 

The sap contains about 0 05 M K.CI and 0 05 M NaCl The effect^ 
of K+ 15 so great that other ions ma} be neglected m the present 
discussion 

The outuard flou of the action current means an outuard moxement 
of K+ and other cations This maj haxe the follotvang consequences 

(а) Double and Single Peals — The double peak of the tj-pical 
action current maj be due to the following 

The 0 Moicmcnl — ttOien K+, monng outuard, reaches the outside 
of I the concentration gradient of k+ across Y (on which the P D 
depends) is abolished and m consequence there is a loss of P D (nega 
five moxement or spike of the action curve) (Tig 4) 

The p Uo-'ement — When K.+ reaches the mside of A it will create 
an outwardlx directed pd (positixc movement of the action curve) 
With the completion of o and p we have the first peak of the curve 

The q Uovement — WTicn K+ reaches the outside of \ the positixe 
p D across V disappears more or less completelj (second negative 
moxement of the curve) 

The r Mo einciit —The process of recox cry now sets in, movmg K'*' 
mward across \, t e back toxvard the sap and thus reversing the 
q movement Thus a positixe movement occurs and this together 
xvith the q movement makes the second peak 

On theoretical grounds it might be predicted that soaking the cell 
m a solution of NaCl would male the protoplasm more conductn c 
so that K+ xxould flow mostl) in ir and not much of it would reach \ , 
hence the q movement would not occur and the curxe would haxe 
onlj one peak 

(б) Rapidih — This depends on the time of recox erj xxhich might 
be regarded as the time required to move K.+ back into the sap But 
if K+ merely moved into II instead of into the cellulose wall it could 
return more quicklx and thus shorten the recover} time 

* This appears to be due to a combination of a high mobility and a high parti 
lion coefficient Exen when the mobihtx of Na+ becomes relativel> high it has 
much less effect than I,.'*' because the partition coefficient of the latter is so high 
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Fig 4 The unbroken line shoi\s change in p d dunng the action current m 
XitUla supposedh due to the outward moiement of potassium The broken 
Ime shows the p d in the resting state before the outward nioi ement of potassium 
begms 

In the diagrams the simibol K denotes the outw ard mo\mg potassium (reduc- 
tion m its concentration is shown bi reduction in the number of simibols) Each 
stage of its progress is marked b\ a change m p d lor e^cample, m Diagram A the 
obsen ed p m is supposedh due to the gradient ol potassium across T, in Diagram 
B we see that potassium has reached the outer surface of T and m consequence 
the gradient and the p D ha\ e disappeared 

The duration of the action current k usual!\ about 15 to 30 seconds 


Neg. 
App zero 
Pos 


100 mv < 



Fig 5 Shows transitional loriis of action current alter exposure to 0 01 ii 
XaCl The record of E (m contact wath 0 01 ii NaCl) is shown (cf Fig 2) 
those of C and D (omitted to sa\e space) show that no change occurred at F, 
which was m contact with 0 01 m KCI 

Hea\w time marks 5 seconds apart Teiiperature 25°C 




Fig 6 Shosvs tnnsiUoml forms of action current after exposure to 001 u NaLl The records of V and E (in contact «Uh 0 01 m 
NaCl) are &ho\sn (c/ F\g 2) there are no simultaneous movements indicating changes at I which was in contact with 0 01 it K.C1 (F 
acts as pacemaker) 

The response at D (upper string) differs somewhat from that at E flower stnng) 

Hcavj time marks 5 econds apart Temperature 25®C 



96 


NATURE OR ACTION CURRENT IN NITELLA IV 


It IS possible that the outgoing K+ ma}^ move only a very short 
distance into II before reversing its direction and returning to the 
sap The whole process may be very rapid because V presumably 
becomes verv permeable when the action current occurs The 
increase in the permeabilit}^ of V appears to be favored by NaCl since 
its application lowers the voltage® needed for stimulation, which 
may indicate that V more easily becomes permeable We also find 
that the absolute refractory period is shortened by exposure to NaCl 
These changes favor the production of rapid action currents 

Neg. 

Ap-p. zero 


mv. 


Fig 7 Shows a transitional form of action current after exposure to 0 01 ii 
NaCl The record of D is shown (c/ Fig 2) those of C and E (omitted to save 
space) show that no change occurred at F, which was in contact vith 0 01 M KCl 
Heavy time marks 5 seconds apart Temperature 25°C 

Various transitional forms between the normal and the rapid action 
currents are shown in Figs 5 to 8 Whether all of these are pro- 
duced by each cell in a fixed order is not known 

The beginning of quick movements is seen in Figs 9 and 10 These 
usually occur spontaneously after a time but somewhat prior to this 
they can as a rule be induced by a brief electrical stimulation (300 
mv D c applied for about 0 1 second) It will be noted that the 
quick movements appear to be superimposed on a slow action curve 
conforming more or less to the normal pattern 

In Fig 11 we see the beginning of a long tram of action currents 

® Although the voltage is lowered the resistance of the cell decreases so as to 
compensate and permit a flow of current which is not very different 
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Such trains may go on without interruption until several hundred 
have appeared But as a rule they are interrupted by intervals of 
rest ® Portions of such trains are seen in Figs 12 and 13 In Fig 
12 the action curves are almost identical at C, D, and E (Fig 2) but 
in Fig 13 this IS not the case 


Neg 
A-pp zeir'o 
Pos 


100 fnv < 


Neg 
App zei^o 
Pos 



Fig 11 Sho\\s the beginnings of quick action currents after exposure to 0 01 
M NaCl The records of C and D (in contact vith 0 01 ii NaCl) are shown (c/ 
Fig 2) the absence of an\ simultaneous movements indicates that no change 
occurred at F, which was in contact with 0 01 Ji KCl 

The pacemaker is at the left of C, as shown b\ the fact that in each action 
current the upper stnng moves first The responses at C (upper string) and 
D (lower string) are verj similar 

Heaw time marks 5 seconds apart Temperature 25°C 


It happens that the upstroke is slower than the downstroke in 
these figures, and Fig 14 indicates that in some cases at least the 
upstroke mvolves a certain hesitation when the “base line,” t e 
the restmg potential, is reached The downstroke in this figure 

® An example is show n m a previous paper (Osterhout, W J V , and HiU, 
S E , / Gen Physiol , 1934-35, 18, 512 (Fig 15)) In this case the exposure to 
NaCl was so short that we max suppose that W was already more conductive 
than usual when the cell was placed m NaCl 
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Fig 12 Portion of a train of quicL action currents after exposure to 0 01 ii 
NaCI The records of C, D and £ (all m contact ivith 0 01 ir NaCl) are shown 
(cf Fig 2) the absence of simultaneous ino\cmcnls indicates that no changes 
occurred at F, \shich was m contact with 0 01 ai KCJ 

Phe pacemaker was at the right of E as indicated b> the fact that E (lower 
stnng) changes first m each action current The responses are similar at each spot 
Time marks 1 second apart Temperature 23 C 



appears to go belo^ the ‘ base Imc’ ’ and then rise linger at the base 
hne for a brief penod, and then go on {cf Fig 13) 

The shapes of the action curves have been discussed in previous 


’ As shown in a preiious paper (Osterhout \\ J V and Hill S E / Gat 
PJtysto^ 1934-35, 18, 499) there maj be two base lines one of which is the 
complete and the other^^h e *jncomDlefp , r ffitiag.D Dtpntnl 

SMS Me<}i. ' ^ ^nipur ] 
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Time marks 1 second apart Temperature 22“C 
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papers® which may be referred to for details It is assumed that 
K+ comes out of the sap during the action current and that it goes 
back into the sap during recovery If the outward movement of K+ is 
restncted or if it fails to reach the outside of X and to destroy any 
positive potential at A'’ the curve ma)’^ not go to zero If the outgoing 
K'*' does not return completely to the sap recover}'- ivill be incomplete 
In the present expenments the curves do not go to zero and in the 
quick movements recover}' is often incomplete (Figs 9 and 10) 

It may be noted in passing that when F (Fig 2) is in contact with 
0 01 M KCl It frequentl}' appears to act as a pacemaker, as would be 
expected since the p n at F would be approximately zero® and it has 
been found that this condition easily sets up action currents But 
changes in the location of pacemakers are often observed and when 
a rhythm is once established it sometimes continues even when the 
supposed pacemaker is changed or blocked off The question of 
pacemakers will be discussed elsewhere 

In this connection attention may be called to the long trains of 
action currents produced, according to Brink and Bronk,“ by treating 
the sciatic nerve of the frog with Ringer’s solution free from calcium 
The response of the cell to NaCl presents several interesting aspects 
among which are the following 

i Prolonged E\posure to XaCl — After some hours in 0 01 m NaCl 
the irntability may disappear for an hour or more so that the cell 
can no longer be stimulated electrically To what extent this depends 
on the previous production of a large number of rapid action currents 
IS an open question 

After some hours irntabihty returns and the action currents tend 

® Hill, S E , and Osterhout, W J V , Gen Physiol , 1934-35, 18, 377 
Osterhout, M J \ , and Hill, S E , / Gcii Physiol , 1934-35, 18, 499 

® Cf Osterhout, IV J \" , and Hill, S E , / Gen Physiol , 1929-30, 13, 459 
Regarding pacemakers, see Auger, D , Comparaison entre la rj'thmicite 
des courants d’action cellulaires chez les vegetaux et chez les animaux, Adnaliles 
scicnt cl indust , 314, Pans, Hermann et Cie, 1936 

Brmk, F , Jr , and Bronk, D W , Proc Soc Exp Biol and Med , 1937-38, 
37, 94 

This refers to electncal stimulation produced m the usual n ay In such 
cases there ma\ be a response at the cathode w hich is not propagated 
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to show the normal recover} time of 15 to 30 seconds The shape of 
the action curves frequently resembles those in Figs 5 to 7 

E\ndently a new factor enters into the situation which prevents 
the production of rapid action currents in spite of the presence of 
NaCl This might come about if organic electrolytes were leached 
out of IF thus increasing its resistance 

It may be added that at this stage the cells look normal and ma\ 
continue to do so even after an exposure of several weeks to 0 01 
It NaCl 

2 Effects of Calcium — The addition of calcium suppresses the quick 
action currents'* If instead of 0 01 M NaCl we use a mivture of 
0 01 SI NaCl + 0 0005 u CaCl no rapid action currents appear In 
the presence of this concentration of calcium the voltage necessary 
for stimulation and the absolute refractory penod do not fall off 

As might be expected no quick action currents occur in 0 005 si 
CaCl 

It seems possible that the addition of CaCb inhibits the penetration 
of NaCl from the external solution while NaCl moves from IF into 
the sap under the action of the forces which are constantly produang 
such a movement,'* the result would be that the conductivity of 11 
would fall off 

It may be of interest m this connection to call attention to the 
experiments of Chao" who found that in Limnlus Na+ increases and 
Ca++ decreases the rate of heartbeat when applied to the dorsal 
median nerve cord or ganglion where the rhythm onginates 

3 Penetration of Salts — It is interesting to note that certain salts, 
such as NHiCl and LiCl which might be expected to penetrate as 
readily as NaCl, have somewhat the same effect as NaCl in producing 
quick action currents 

We find that NaSCN which might be expected to penetrate more 
rapidly than NaCl produces a quicker and more pronounced effect 

But Na 2 SO< which might be expected to penetrate more slowlv 
produces little or no effect quick action currents are produced by 

'* This also happens in nerve See footnote 1 1 

'• Cf Osterhout W J V Ergebn Physiol 1933 3G,967 Bol Rei 1936 2, 283 
Chao I Bwl Bull 1933 B4, 358 
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(NH 4 ) 2 S 04 but this may be due to the penetration of undissociated 
NHs (MgS 04 has no effect ) 

4 Variabthty — Very irritable cells (with a low threshold for 
electrical stimulation) quickly give rapid action currents^” when placed 
in 0 01 M NaCl Some cells require an exposure of only 15 minutes 
to 0 01 M NaCl to produce quick action currents and occasionally 
cells are found which require an even briefer exposure or none at all ® 
In these cases we may suppose that W is more conductive than usual 
owing to the presence of organic or inorganic electrolytes In some 
cases we may have to do with electrolytes which have come out of 
the sap during an action current and have not gone back completely 
(incomplete recovery) 

Cells with a high threshold require a longer exposure and m some 
cases fail altogether to produce rapid action currents 

SUMMARY 

Treatment of Nilella with NaCl greatly reduces the time required 
for the action current and produces an action curve with one peak 
instead of the customary two The time may be reduced to 0 6 sec- 
ond in place of the usual 15 to 30 seconds 

This might be expected if the treatment increased the conductivity 
of the aqueous part of the protoplasm The experiments favor this 
idea although they do not prove its correctness 

This effect is prevented by calcium, possibly because calcium 
inhibits penetration of salts That penetration is an important 
factor IS indicated by the fact that salts which might be expected 
to penetrate rapidly have the most effect Thus NaSCN is more 
effective than NaCl but Na 2 S 04 has little or no effect The action 
of NH4CI and L’Cl is similar to that of NaCl 

Cells which have been freed from neighboring cells and then kept in the 
laboratorj for several veeks seem to be especiallv favorable 



DELAYED POTASSIUM EFFECT IN NITELLA 

Bv S E HILL AND W I V OSTERHOUT 
(frot/i the laboratories oj The Rockefeller Tiislitiite for Medical Research) 

(Accepted for pubbcation April 22, 1938) 

In normal cells of Viklta potasbium produces a large and rapid 
change of pd m a negatne' direction VWien 0 01 Jt NaCI ts re 
placed b) 001m KCl the p d usuallj becomes less positiv e* b> So m\ 
or more This is called for con\emence the potassium effect (Figs 

1 and 3) Smce the response to KCl is so rapid we suppose that 
It occurs at \ the outer non aqueous protoplasmic surface layer 
(c/ Fig 2) 

The potassium effect usually disappears nhen cells are placed for 

2 or 3 days in distilled water ’ This removes organic material which 
ma\ be recot ered from the distilled water and returned to the cell 
thereby restoring the potassium effect For conaemence this sub 
stance* (or group of substances) mat be called K r 

When the potassium effect has been lost as the result of exposure 
to distilled water or for other reasons* the replacement of 0 01 u 

* The PJ> is said to be negative when the positive current tends to fiow from 
the external solution across the protoplasm to the sap All the effects of KG 
described in this paper were fun> reversible 

Cf Osterhout W J V , 7 Gen Phystol 1929-30 13, 715 

*Osterhout, W J V, and Hill, S E J Gen Physiol 17,105 

* Exposure to distilled water also removes irritabibtv and this appears to be 
due to another organic substance (or group ot substances) which mav be called 
R v The reason for supposing that Rp and E a are different is that the loss of 
imtabilitv sometimes precedes and sometimes follows the loss of the potassium 
effect But it is of course possible that v e are dealmg with a single substance 
operating under different conditions 

* This usualli takes place under natural condiUons m late sprmg and earlj 
summer the season of rapid grow th (cf Osterhout W J V and Hill S E / 
Ceil Physiol 1933-34 17, 1051 and mav happen m an occasional cell at an) 
time of I ear 
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Fig 1 Shows prompt response to the application of 0 01 m KCl to a normal 
cell, replacing 0 01 m NaCl at the time marked by the arrow The curve re- 
sembles an action curve The slight delay presumably represents the time re- 
quired to diffuse through the cellulose wall 

The leads were arranged as shown m Fig 2 The record shown is that of D 
(C and E were omitted) F was in contact with 0 01 m KCI which reduces the 
p D approximately to zero 

Heavy time marks are 5 seconds apart Temperature 21®C 
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Fig 2 Diagram to show the arrangement of leads and the supposed structure 
of the protoplasm i\hich is assumed to consist of an aqueous layer W, an outer 
non-aqueous layer X, and an inner non-aqueous laver Y 

The arroi\s show the outwardl 3 '^ directed (positive) p d whose seat is supposed 
to be chiefl}^ at Y v hen the cell is m pond water hence the p d a.tX is regarded as 
negligible and is not sho^\n But under some conditions the p d at A”" mav be- 
come important 

Each lead is connected to a separate amplifier and to one string of the 3-strmg 
Emthoven galvanometer 
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NaCl bj 0 01 M KCl usunlh Ins little or no effect ' but in some eases 
V.C obtain the result’ seen m Firs 4, 5, and 6 Here the potassium 
effect seems to be absent when kCl is hrst applied but appears after 
some dcla\ as though it had been restored b\ contact of the cell 
with KCl 

50 mv 

Keg 
Zero 
Pos 

Tig 3 Response in a normal cell showing a cune which doe^ not closclv 
rtocmblc the usual action eui^c when 001 m NaCI is rcpliced b\ 001 ii KCl 
D {(/ Fig 2) IS recorded (C and E arc omitted) Although D and F are both in 
contact with 0 01 M NaCl Z> js positive to r owing to some local difference D 
becomes negative to F as soon as KCl is applied When 0 01 ir NaCl is subse 
qucntly applied to Z? the P d returns to the ongmal value 

Time marks 5 seconds apart Temperature 28 C 

It IS evident thit KCl might do this if it formed a compound which 
sensitized \ to the action of potassium This compound might be 
Kf, formed b> the reaction K+ + where Z is an organic 

substance (If Rr contains potassium it is easier to understand 
wh\ it causes the cell to act somewhat like a potassium electrode) 

* If there is an effect it ma> be m the direction of greater or of Ie»s positniu 
according to the condition of the ccH 

’ The experiments were made on Ritella fJexihs Ag using the technique de 
scribed in a former paper (Hill, S E , and Osterhout J V / Geii , 

1937-38, 21, 541) 

The zero in the figures is located on the assumption that 001 ii KC! ^cduce^ 
the PD approximate^ to zero This is usuallj close to the actual condition 
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If this were the case we might expect that when KCl is applied 
no change in p d will occur until sufficient Rp is formed® to sensitize 
A’ and cause a gradual rise in the curve such as is seen in Figs 4, 
S, and 6 

In Figs 1, 4, and 6 the curve has the appearance of an action curve 


Negr. 
Zero 
Poa 
100 niv. 


Fic 4 Shows delayed response to KCI in a cell which had been soaked for 4 
dps 111 distilled water the cun'e resembles an action cun^e At the start the 
spot recorded {D, Fig 2) was in contact with 0 01 M NaCl When this was re 
placed b^ 0 01 m KCl the p d became less positive after a delay The appbcation 
of 0 01 M NaCl returned the p d to the original value 

Ihe leads were arranged as in Fig 2 C and E were omitted F was in contact 
w ith 0 01 m KCl 

Time marks 5 seconds apart Temperature 22'’C 

Tins might occur since irritabilit’v often persists after the potassium 
cflect has disappeared 

It has been suggested in a former paper® that the application of 
KCl at a spot D (Fig 2) might give rise to an action curve at that 
point by depressing the P D sufficient!) to cause a discharge from 
a neighboring point Di not in contact vnth the KCl covering D (and 
consequenth not recorded) 

The discharge at A ould presumably involve the exit of substances 

® We suppose that as a rule Z is absent since there is usuall} no response, not 
c\ en after a dela\ 

‘’Hill, S E , and Osterhout, \\ J \ T Gai F//\j;N , 1937-38, 21, 541 
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Fig 5 Sho\\s dela\ed respoo'^e when 001 ii NaCl is replaced b> OOisiKCl 
the cun e does not doselv resemble the usual action cun e the start the spot 
recorded {D Fig 2) was in contact with 001 ii NaQ When this was replaced 
b> 001 u KCl the p d became less positi\e alter a delav The application of 
OOt ii NaCl returned the pd to the original s'aluc 

The leads were arranged as m Fig 2 C and £ were omitted Although £ was 
in contact with 0 01 ir NaCI D w'as positive to it at the start (owing to some 
local difference) but after application of KQ to D it became negative to T 
Time marks 5 seconds apart Temperature 28®C 



Fig 6 Delaved response when 001 m NaCl was replaced b) OOt m KCl 
the curve resembles an action curve and was propagated to C (not shown m the 
record) Z> is recorded (£ was omitted) F was in contact w ith 001 m KCl 
Time marks 5 seconds apart Temperature 20°C 




PACEMAKERS IN NITELLA 
n Arjshythmia and Block 
Bt W J V OSTERHOUT akd S E HILL 
(From the Laboratories oj The Rochejeller Institute for Medical Research) 
(Accepted for publication, June 4, 1938) 

Irregular rhythm (arrhythmia) and failure to transmit impulses 
(block) seem to be essentially similar m the vertebrate heart and 
m Ntiella 

In Nitella arrhythmia and block (partial or complete') have been 
produced by the followmg treatment Cells (freed from neighboring 
cells) are kept for 6 weeks or more m a nutnent soluhon (Solution 
A ) Exposure for 2 or 3 hours’ to 0 01 m NaCl, 0 01 it NaSCN, or 
0 01 It guanidine chloride* then reduces the time required for the 
action current to about 1 second (the normal time is from IS to 30 
seconds) 

The leads’ are shown in Fig 1 At the common contact F we 
place 0 01 M KCl which prevents changes' at that spot, and thus 
renders the action currents monophasic it reduces the p D approxi 
mately to zero (The location of the zero m the figures m this paper 
IS made on the assumption that the p n at F is zero, hence it is only 
an approximation ) 

Owmg to the presence of 0 01 m KCl, F usually acts as a pacemaker ’ 
in the present case the rhythm is about 1 a second Apparently cer- 
tain parts of the cell are unable to follow this rapid pace and hence fall 

' Complete block is sometimes found in untreated cells 

’ Cf Osterhout W J V and Hill S E , y Gen Physiol , 1933-34, 17, 87 

’ C/ Hill S E , and Osterhout W J V / Gen Physiol , 1938-39 22, 91 

* IJnpubbshed 

’ The expemnents were performed on Nitella jlexilis Ag usmg the technique 
described m former papers Hill S E and Osterhout, W J V , / Gen Physiol , 
1937-38, 21, 541) 

® Any change at F can be detected by simultaneous changes m the records of 
C, D and E 


Its 
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into irregular rhythms and fail to register all the impulses (partial 
block) If this does not occur and if all parts of the cell follow the 
rhythm perfectly, we obtain such records as are shown m Fig 2 
Here the action curves'^ are practically the same at each of the re- 
corded spots 
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Fig 1 Diagram to show the arrangement of leads and the supposed structure 
of the protoplasm which is assumed to consist of an aqueous layer PT, an outer 
non-aqueous layer X, and an inner non-aqueous layer F 

The arrows show the outwardly directed (positive) p d whose seat is supposed 
to be chiefly at Y when the cell is m pond water hence the p n at X is regarded 
as neghgible and is not shown But under some conditions the p n at Z may 
become important 

Each lead is connected to a separate amplifier and to one strmg of the 3-stnng 
Emthoven galvanometer 


Figs 3 and 4 show certain differences in the forms of the action 
curves at different spots The sudden appearance of a more striking 
difference is seen m Fig 5 which records action currents at C (top) 
and D (bottom) At first each impulse passes from D to C but later, 
C appears to be unable to follow the pace and hence it records every 
second impulse ® This recalls a situation often found m auricular 
flutter of the heart®' when the auricular rate becomes so rapid that 

^ Regardmg the fonn of these curves see Hill, S E , and Osterhout, W J V , 
J Gen Phystol , 1938-39, 22, 91 

® The chance of finding such cases, and of observing blocks, naturally increases 
as the distance between the leads increases 

® White, P D , Heart disease, New York, The Macmillan Co , 2nd edition, 1937 
“Bethe, A, Arch ges Phystol, 1937, 239, 41, F vergleich Phystol, 1937, 
24, 613 Wenckebach, K F , and Wmterberg, H , Die unregelmassige Herz- 
tatigkeit, Leipsic, W Engelmann, 2nd edition, 1927 
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Fig 2 Sho\\snearl\ identical responses at C D and £ (c/ Fig 1) the pace 
maker is at the tight (probabl> at F Avhich is m contact ^ith 0 01 m KCl) since 
E loivest stnng moves first The other spots are m contact v\ith 0 01 m NaCI 
The cell ^\as freed from neighbormg cells and kept 40 davs at 15 ± 1 C in 
Solution A It ^^as then placed for 3 hours in 0 01 m NaCl at 21 ± 2 C before 
the record was made 

The leads are 6 mm apart 
Time marks 5 seconds apart 
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the ventricle can record only every other impulse coming from the 
auricle 

Such ratios as 3 1 and some others found in the heart appear m 
Nitella {cf Figs 6-8) 
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100 mv 
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Fig 3 Shows acUon curves at C (top) and D (bottom, cf Fig 1) winch are 
similar but not identical The pacemaker is at the left of C (since the top string, 
C, moves first) 

F IS in contact with 0 01 m KCl, the other spots are in contact with 0 01 
M NaCl The leads are 28 mm apart 

The cell was freed from neighboring cells and kept 40 days in Solution A at 
15 ± 1°C , it was placed for 2 5 hours in 0 01 m NaCl at 22°C before the record 
was made 

Heavy time marks 5 seconds apart 

We also find in Nitella cases where one or both spots are irregular 
{cf Figs 7 and 8) 

In Fig 9 we see that 26 action currents arc recorded at C (top) 
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while 33 are being recorded at D (bottom) Similar situations are 
also found in the heart 

Fig 10 shows groups'2 of action currents separated by intervals 
of rest Each action current at C (top) passes over to D (bottom) 
but the forms of the curves are not identical m all cases 



Fig 5 Shows the sudden appearance of a 2 1 ratio The first 7 action cur- 
rents at D (bottom, c/ Fig 1) are followed by action currents at C (top) but after 
this every other impulse registers at C and most of the time there is incomplete 
recovery of every other action current at D,t c the stimulus from the pacemaker 
arrives before recovery is finished and m these cases the action current does not 
register at C 

Since D (bottom) moves first the pacemaker is at the right of D, probablv 
at F which is m contact with 0 01 m KCl (the other spots are in contact with 
0 01 M NaCl) The leads are 28 mm apart 

The cell was freed from neighboring cells and kept for 40 days m Solution A 
at 15 zfc FC It was then placed m 0 01 m NaCl for 3 hours at 25 ± 2°C 

Heavy time marks 5 seconds apart 

In Fig 11 we see groups of action currents but the rhythms of 
C (top) and D (bottom) appear to be independent, indicating a com 

“ Whether C and D are acting independently is not evident 
Such groups are not uncommon m Nitella Cf Osterhout, W J V , and 
Hill, S E , / Cci! Pfivsiol , 1934-35, 18, 499 Hill, S E , and Osterhout, W J V , 

T Gen Physiol , 1938-39, 22, 91 



Fig 6 Sho\\sa3 1 ratio E\crj third impulse passes o\er from 2? (bottom 
cj Fig 1) to C (top) bmce the bottom string D moves first the pacemaker is 
at the nght of Z> and 13 probiblv at F which is in contact nith 0 01 it KCI the 
other spots are in contact v\ ith 0 01 \t NaCl The leads are 28 mm apart 

The cell was freed from neighboring cells and kept for *10 days m Solution ^ 
at 15 ± 1 C It was then placed for 3 hours in 0 01 m NaCl at 25 ± 2 C before 
the record was made 

Heavj time marks 5 seconds apart 



Fig 7 Here D (bottom cf Fig 1) is regular and C (top) is parti} irregular 
Since D moves first the pacemaker is at the nght of D probabI> at F which is 
in contact with 0 01 u KCI C and i? are in ointact with 0 01 JxNaCl The leads 


are 28 mm apart 

The cell was freed from neighboring cells and kept for 40 davs in Solution A 
at 15 ± I C It was then placed for 3 hours in 0 01 u NaCl at 25 ± 2 C before 


making the record 


Heav'} time marks 5 seconds apart 
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Pdcema vcr is ai me right ol V, probably at F which is in contact with 0 01 m KCl C and D are in contact with 0 01 Ji NaCl The leads 
are 28 mm apart 

dhe cell was freed from neighbormg ceUs and kept for 41 days in Solution A at 15 ± 1°C It was then placed in 0 01 M NaCl for 2 5 
hours at 2S db 2°C before the record was made 
Heavy time marks 5 seconds apart 
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plcte block between them A striking instince of complete block is 
seen in Fig 12 The form of action curve seen at C (top) is common 
in cells treated’ with NaCl but is seldom present in the same cel! and 
at the same time as the quick action currents seen at D (bottom) 
Groups of action currents and complete block are also found m 



Fig 9 Here 33 action currents are recorded at D (bottom cf Fjg 1) while 
26 are being recorded at C (top) As Fwas m contact with OOt it KCl it is 
probabb the pacemaker for D (C and D are in contact with 0 01 M NaC!) The 
leads are 28 mm apart 

The ceil was freed from neighboring cells and kept for 40 dajs in Solution A 
It was then placed for 2 5 hours m 0 1 n NaCI at 2a ± 2 C before the record 
was made 

Heav> time marks 5 seconds apart 

the heart * A great vanetj of other irregularities found m the heart 
mat be duplicated m \tiella One of these electrical altemans ” 
IS shown in Fig 13 Another shows groups in each of which the 
amplitude of the action curve first mcreases and then diminishes '* 
Still another is an analogue of auricular extra systole (Fig 14) 

“C/ Hill S E and Osterhont W J V / G2n Pkisiai , 1938-39 22,91 
Fig 13 

y "Cf Oslerhout W J \ and Hill S E T Celt Pliystol 1934-35 18, 509 
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2°C for 2 5 hours before the record was made 
Heavy time marks 5 seconds apart 








■\t 25 ± 2°C before the record ^\as made 


r— 

Zero 

Pos 

50 mv 


Neg 

Zero 

Pos 


Fig 13 Sho^s 'electncal altemans ' Each action cunent at D (bottom 
c/ Fig 1) IS follow ed b> one at C (top) where e\er> other action curve is of smaller 
magnitude As D moves first the pacemaker is at the nght of probably at 
F which IS m contact wnth 0 01 m KCl (C and P are in contact with 0 01 ii 
NaCl) The leads are 18 mm apart 

The cell w'as freed from neighboring cells and kept for 42 da>^ m Solution A 
atJS±J C It ivas then placed fo‘r3 hours in 0 01 if NaCl at 25 d= 2 C before 
the record was made 

Heavy time marks 5 seconds apart 



Fig 14 Shows changes like those observed m extra s> stole of the auricle 
t e an occasional premature impulse followed bj an extra long pause (but not a 
pause of double length as m ventricular extra systole) 

D {cf Fig 1) which IS recorded is in contact with 0 01 if NaCl Fis in contact 
with 0 01 II KCl and is apparentl> acting as pacemaker ^\hethe^ there is a 
competition of pacemakers is not clear 

The cell was freed from neighboring cells and kept for 30 da>s at 15 ± 1 C 
in Solution A It was then placed for 3 hours in 0 01 u NaCl at 22 ± 2 C 
before the record was made 

Heaw time marks 5 seconds apart 
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Competition bet^^een pacemakers and shifts from one pacemaker 
to another which occur in the heart are also found m Nitclla these 
will be described elst^^here 


DISLL SSION 

It maj seem surprising that man\ of the irregulantics found in 
the heart have analogies in Y;/ lUi Tvidentlv, two regions of a Ntlella 
cell, onh a short distance apart tan react differenth and this appears 
to be the fundamental requisite for duplicating man\ of the differences 
of rh\thm between auncle and ventncle 

Since the irregulantics of conduction in A ttclla so closelj resemble 
those found in disorders of the heart it mav be asktd whether the cells 
of Nilclla used in these experiments \%cre m any wav pathological 
Regarding this it ma^ be said that they were normal m appearance and 
that the> remained so after a much longer exposure to Solution A also 
that the\ remained normal m appearance after an exposure of several 
weeks to 0 01 u NaCl 

It ma\ be added that m many cases the heart is quite normal in 
appearance when it shows the irregularities here discussed It there 
fore seems that similar irregularities can be brought about in the 
heart and in Nitclla b> certain conditions which do not produce ah 
normal appearances To what extent these conditions are similar 
must be decided by future investigation 

In conclusion we may say that when reco\ erj in a stimulated region 
15 so slow that the region cannot respond normally to the next stimulus 
there may be arrhj thmia and partial block Much therefore depends 
on the rate of recovery This maj undergo a progressixe change*^ 
as seems to be the case in Fig 15 As ahead) indicated (p 115) 
the rate of recovery may be greatly increased by exposure to cer 
tarn salt solutions It may be added that recover) can be (rever 

Regarding pacemakers see Auger D Comparaison entre la r>thmicite des 
courants d action cellulaires chez les vegetaux et chez les animaux Actuahtes 
sc et indust No 314 Pans Hermann et Cie 1936 

White P D , Heart disease New York The MacmiUan Co 2nd edition 
1937 pp 610/ 

^’Sometimes the rate of recover> seems to slow down and then ^recover, 
cf Hill S E and Osterhout W J V / Gai Physiol 1935-36 19 307 
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sibly) suppressed, producing complete block This appears to offer 
a promising field for further investigation 

The occurrence of closely similar phenomena in structures as dif- 
ferent as the vertebrate heart and Nilella suggests that all tissues 
capable of conducting impulses are similar in certain fundamen- 
tal properties and appears to justify the use of simple tissues to 
make clear the mechanism of more complex structures 

SUMMARY 

Many forms of irregular rhythm and of partial block occurring in 
the vertebrate heart can be duplicated in NtteJla 

In order to observe these phenomena the cells of Nitella are kept 
for 6 weeks or more in a nutrient solution They are then exposed 
for 3 hours or less to 0 01 m NaCI, NaSCN, or guanidine chloride, which 
reduce the time required for the action current to about 1 second (the 
normal time is 15 to 30 seconds) 

A pacemaker is established at one end of the cell by placing it in 
contact with 0 01 M KCl This produces action currents at the rate 
of about 1 a second Apparently some parts of the cell are unable to 
follow this rapid pace and hence fall into irregular rhythms (ar- 
rhythmia) and fail to register all the impulses (partial block) 

We wish to express to A E Cohn and to A G Macleod our 
thanks for valuable criticisms 
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ErrECT OF SODIUM SULFATE ON THE PHAGE 
BACTERIUM REACTION 

By A P KRUEGER and VV L STRIETMANN* 

{Frojn the Department oj Baclertology^ University oj Caltfarma, Berkeley) 
(Accepted for pubbcahon, June 10, 1938) 

Two definite types of electrolyte effect on the phage bactcnum re 
action have been reported Klrueger and West (1) showed that 
minute concentrations of Mn++ accelerate lysis by depressing the 
lytic threshold, « c , by lowenng the ratio of phage to bacteria requi- 
site for lysis Furthermore, the Mn ion shifts phage distnbution, 
increasing the extracellular fraction to approximately four times the 
normal value Due to the fact that less phage is required to lyse a 
given number of bactena, the cellular phage produang mechamsm 
IS destroyed earUer in the reaction and there is a correspondmg de- 
crease m the total quantity of phage produced 

Scnbner and Krueger (2) investigated a phenomenon first noted by 
Northrop, namely, that the addition of fairly large amounts of sodium 
chloride to the medium durmg the period of reaction between phage 
and susceptible orgamsms leads to an augmented end titre of phage 
They concluded that 0 25 M NaCl raises the lytic threshold 5 to 
10 fold Therefore, the increased total yield is merely an expression 
of the fact that the bactena are less susceptible to phage action and 
more phage must accumulate m the medium before lysis is initiated 
Of particular significance with regard to the basic mechanism of phage 
formation is the further observation that 0 7 hour pnor to the onset 
of lysis bactenal growth ceases whereas phage production continues 
at an undimmished rate It would appear then that under some 
conditions bacterial growth is not an essential prerequisite for phage 
formation 

It IS evident that vanations m the concentration of certain electro- 

* The authors wish to eitpress theur appremuon for support by grants m 
aid from the Amencan Medical Assoaation The Board of Research of the Um 
versity of Cahfomia, and from vanous interested friends 
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ZFFECI OF XA:S04 OX PBAGE~BiCTEFIU2I FEACTIOK 


lytes can profoundly- ioBuence the Mnetjc relationships betvreen the 
two reactants, phage and bacteria We wish to present here the 
results of aTperiments in which bactenophag}' took place in the 
presence of sodium sulfate 


Melhods'- 

The s}inbol= used are as foUov^ 

[P] = concentiation of phage actmt} imits/ml 

IB) = concentration of bactena/ml 

[B], = initial concentration of phage/mL 

[B], = initial concentration of bactena/nJ 

P 17 = phage acti*nt> units 

1 The bzcteml suspensions consisted of fresh!} hanesfed 16-bour cultures 
of Slaphjlocccc IS ajre^'s (strain SzK) grom on nutnent agar in Roox flasks and 
washed once m Lodge’s solution Cell concentrations were determined b\ the 
centrifuged sediment method of Krueger (3) Broth was standard beef infusion 
containing 1 per cent Duco neopeptone, 0 5 per cent sodium chlonde, and was 
adjusted to pH 7 4 

2 Phage litres were determmed b> the actint> method of Erueger (4) The 
actint} unit is the smallest amount of phage which will cause 1\ sis when added 
to a certam number of susceptible cells under standard conditions Our standard 
phage contains I X 10^’ actintv units Because Xa^SO^ tends to slow down 
the phage-bactenum reaction its presence must be taken mto account m titratmg 
experimental solutions We have made it a practice to titrate 10~% 10“®, and 
10"^ dilutions of all phage unknowns, these dflubons obviate any effect of XazSOi 
on the btration sv stem itself 

3 Determination of [bacteria} *As noted above the centniuged sediment 
method was emplov ed in preparing the hvmg bacterial suspensions for each dav ’s 
experiments In the experimental senes variations m [bacteria] were followed 
bv' three methods 

A. Turbiditv readinp were made directlv on the sample or on an ahquot 
suffiaentlv diluted to come withm the range of a fonnalmized standard senes 
(range 5 X 10" to 20 X 10' bacteria per ml ) 

B Direct counts were used to check the turbidity messarements Samples 
were diluted m gentian violet containing formalm and the numbers of cells were 
counted in the Hauser chamber 

C Plate counts were made on broth cultures of BjE containing no phage 
Despite multiple samphng the plate count method was found to be inadequate 
for quantitatrv'e work. 

^ The experimental methods employed were essenhall} those reported m pren- 
ous pubhcafioiis appearmg for the most part m the Jouriml oj General Physiologj, 
1929-38 
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4 NajS04 effect Sterile ~ NaiS04 was added to mixtures of phage and 

bacteria m broth m sufEaent quantity to produce the desired final molanty 
The mixtures were shaken in the 36®C water bath 

5 Rate of phage production To observe the efiect of NajSOi on the rate of 
phage production speaal concentrations of bactena, phage and NajSOi were used 
(5J was 3 X 10’ bacteria per ml , [P] was 1 X 10* P U per ml , and [NajS04] 

M 

was - These concentrations were selected to assure the reaction being completed 

withm a reasonable length of time and to provide for adequate dilutions of phage 
unknowns so that there would be no possibility of Na2S04 or bactena earned 
over from the rcactmg mixture affecting the titration s>stem The mixtures 
were made m broth at pH 7 4 and were mamtamed at 36 C m the water bath 
shaker For total phage determinations samples were removed at intervals 
and were promptl> diluted m broth kept at 5®C The diluted samples from one 
experiment were accumulated and titrated together For extracellular phage 
determinations samples of the reacting suspension were cooled in salt ice mixture 
and the bactena were thrown down in the angle centnfuge Dilutions of the 
supernatants were made m cold broth and were kept at 5‘’C until time for ti 
tration 

6 Lytic threshold experiments To detect the effect of Na SO4 on the lytic 
threshold of resting bactena washed cells were gro^^^l m broth m the presence of 

and J/3 jis absence, iisuo^an imm) cwjfejolmjjfyi nf J X JO’ cells per ml 
When [bactena] reached 6 X 10* cells per ml growth was stopped by icmg the 
suspensions and mixtures containing a final concentration of 6 X 10’ bactena 
per ml and varying amounts of phage were prepared The mixtures were placed 
m the water bath shaker at 36®C and bactcnal concentrations were determined 
at 0 2 hour intervals The lowest ratio of phage to bactena gjvmg lysis without 
bactenal growth was selected as the cntical value 


RESULTS 


When the phage bactenum reaction takes place m the presence of 
increasing concentrations of sodium sulfate two results are outstand 
mg First, the time of lysis is prolonged and second, the end titre 
of the lysate is increased As shown in Table I the increase in time 
of lysis IS roughly proportional to the salt content The end titre^ 


however, reaches a maximum in 


M 

s 


NasS 04 and further increase in salt 


concentration, while delaying the time of lysis does not affect the 
titre of the lysate 

A comparison of the phage production curves in Figs 1 and 2 
shows that there is quite a lag phase in the presence of sodium sulfate 
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In one hour the salt-containing suspension has formed 4 X 10® P U / 
ml wlnle the control mixture has produced 1 0 X 10*“ P U /ml 
From 1 hour on the rate of phage production in the presence of Naa 
SO 4 becomes logaritlimic with tune but the rate of increase is only 
40-fold per hour as contrasted with the control rate of a 125-fold in- 
crease per hour 

Phage distribution between cells and medium likewise is altered by 
Na 2 S 04 By 0 5 hour in the control 80 per cent of the phage is in or 
on the cells while the corresponding figure for the mtracellular frac- 
tion in the salt mixture is 40 per cent At 1 0 hour 50 per cent of 

TABLE 1 

Tiwic of Lysis and Total Phage Produced tn Broth Containing Various Concentrations 

of NaiSOi 

The mixtures were each prepared in a total volume of 10 ml of broth and the 
tubes were shaken at 36°C 


Molarity of Na SOi 

IPlo 

IBh 

/ b SIS 

Total phage formed 

0 05 

1 X 10» 

3 X 10’ 

hrs 

2 50 

7 X 10>» 

0 075 

If 

If 

2 70 

1 X 10« 

0 10 

« 

* C€ 

3 20 

1 5 X 1011 

0 125 

11 

Cl 

3 60 

3 0 X 10» 

0 150 

II 

II 

3 97 

3 0 X 10« 

0 175 

II 

(1 

4 74 

sox 10“ 

0 200 

» 

Cl 

6 00 

3 0 X 1011 

0 250 


If 

No lysis 


Control 


II 

2 10 

2 X low 


the total phage still remains extracellular in the — NazSO^ sus- 
pension 

Casual inspection of Figs 1 and 2 shows that the lytic threshold 
for actively growing bacteria is raised by NaaSOi In the control 
set (Fig 1) the critical value is 80 P U per bacterium whereas in the 
salt mixture the threshold rises to 310 P U per bacterium (Fig 2) 
Tests carried out with resting cells likewise showed the threshold to 

be four times greater under the influence of - NaaSO^ (Table II) 
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Another point of interest in the phage bactenum reaction occurring 
in — NasSOi broth is the long penod just before lysis during which 
bactenal growth ceases while phage production continues The 



Hour's 

Tig 1 The growth of bacteria and phage production in plain broth [B] •= 
3 X 10’ bactena/ml [Pi. « 1 X 10“ P U /ml , O ■= total phage m acUvity 
umts/ral , 9 p» extracellular phage in acbvity units/ml , A ■■ bactena/ml , 
36‘’C , pH 7 4 


bactenal growth curves were followed by means of turbidity measure 
ments, direct microscopic counts, and in the case of suspensions con 

tainmg no phage by means of plate counts Evidently — NaiSOi has 

o 
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no effect on bacterial growth eitlier in tlie presence or in the absence 
of phage except for the production of the prel3ftic plateau noted above 



Hour’s 

Fig 2 The growth of bacteria and phage production in - NaiSOi broth 

[S], = 3 X 10' brcteria/ml , = 1 X 10® P U /ml , o = total phage in ac- 

ti\at\ units/ml , ® = extracellular phage in acti\at\ umts/nil , A = bactena/ml , 

[Na^SOJ = ^ 36°C , pH 7 4 

O 

The influence of Na^SOi on distribution can be demonstrated in 
another wai' jNIixtures contaimng 5 X 10® bacteria/ml and 1 X 

10® P U / ml in broth with and witliout — Na^SOi are held at 5°C 

S 

At intervals samples are removed the resting cells centnfuged down, 
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and the supernatants titrated The suspension containing Na SO4 
comes to equilibnum with 40 per cent of the phage outside the ceils, 
in the control mixture 10 per cent of the phage is extracellular 


TABLE n 

Effect of Na’SOi on the Lytic Threshold of Resting Cells Determination of Cnltcal 
Ehagef Bacteria Ratio for Lysis tn Absence of Bacterial Growth Staphylo- 
coccus Phage Mixtures with \Baclena\ Constant ([B] —6 X 10“^ 
BactenalMl ) and [Phage] 1 arymg \n Plain Broth and in Broth 

r. if 

Containing — NotSOi 
8 


The bacterial suspensions consisted of young cells Growth was inhibited 
by prelijninary long After the mixtures were made they were placed in the 
water bath shaker at 36’’C and turbidity readings were made every 0 2 hr Mul 
tipl} figures in columns by 10^ 

The cntical phage/bactena ratio in plain broth is 83 P U /bactenum m — 

8 

Na'*S 04 It 13 330 P TJ /bacterium 
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mi or Na SO pbaso 1 X 10^ 
P UytnJ 

8 

7 

6 

S 

4 

3 

2 


FtoUi 

1 

2 

S 

4 

5 

6 

r 



1 

1 

1 

1 

1 

1 

1 


Time 

n 

tt 

6 

f 

"Z 

1 

6 

z 

*2 

G 

o 

Z 

8 

f 

z 

Control 

d 

'Z 

Control 

f 

Z 

1 

a 

3 

z 

i3 

d 

z 

krs 

















0 2 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

0 4 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

0 6 

3 

6 

3 

6 

3 

6 

3 

6 

8 

6 

8 

6 

8 

6 

8 

8 

0 8 

□ 

3 

n 

3 

0 

3 

n 

3 

6 

3 

8 

3 

10 

3 

10 

8 

1 0 


□ 


□ 


0 


0 

0 

0 

4 

0 

8 

0 

8 

4 

1 2 











Q 


4 


4 

EB 

1 4 











_ 


0 


0 



DISCUSSION 

The reaction between Staphylococcus aureus and the homologous 
bactenophage in the presence of Na SO4 has several interesting as 
pects In the first place bactenal growth shows no departure from 
the normal Phage production, however, has a rather long lag phase 
after ^luch it proceeds loganthmically with tune but at only one 
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third the normal rate 


Apparently it is the action of - Na2S04 m 

8 

altenng phage distribution which is responsible for both the long lag 
phase and the lower rate of phage production Somehow the salt 
changes the bactenum’s surface so that much less than the usual 
amount of phage is taken up The phage imtially present in the 
mixture is thus kept from optimal contact with the phage precursor 
in the actively growing cells and the phage-forming mechamsm con- 
sequently functions at a slower pace 

— Na2S04 has a marked influence on the susceptibihty to phage 
8 


action of both resting and growing bactenal cells It takes four 
times the normal amount of phage to lyse a bactenum in the presence 
of this concentration of sodium sulfate This phage resistance is 
attained without observ'^able destruction of the phage-for min g system 
and It IS because of the increased resistance that the bacteria are en- 
abled to continue manufacturing phage with the eventual result 
that from ten to twenty times the customary phage yield is attained 


SUMMARY AND CONCLUSIONS 


M 


Bactenophag)’^ taking place m the presence of - Na2S04 has the 

8 


following pronounced characteristics 
A Time of lysis is considerably prolonged 

B The bactena take up less than the normal amount of phage 
C Phage production occurs at one-third the customary rate 
D It takes four times as much phage to lyse a Na2S04-treated 
bactenum than a normal one 

E Bacterial growth is not affected by Na2S04 
The lag phase and the lowered rate of phage production can be 
attnbuted to the Na2S04 effect on the cell surface Less phage is 
taken up by the cells and contact of phage vuth the bactenum’s 
precursor-produang mechamsm is impeded 
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CALCULATIONS OF BIOELECTRIC POTENTIALS 

rV Some Eefects or Calcidm on Potentials di Nitella 


Bv W J V OSTERHOUT and S E HILL 
{From the Lahoratones of The Rockefeller Imtitnle for Medical Research) 
(Accepted for publication, April 10, 1938) 

The action of calcium on the p D of Ntlclla is of especial interest 
in certain cases where it modifies the effect of potassium 

In some cells' the negative change produced by substituting 0 01 m 
KC l for 0 01 M NaCl is not altered by addmg to the KCl solution 
enough CaCl to make its concentration 0 OOS M But in other 
cases calcium has more effect 

In a previous paper' the values of Hr and the apparent mobil 
ities of K+ and Na* in Y, the outer non aqueous protoplasmic surface 
layer, were calculated as ua = 11 9 and «n, = 7 93 Using these 
values we may evaluate the effect of calaum by employing Hen 
derson’s equation 


This may be wntten* (for 20°C ) 


PU) 


„ (Hi - El) - (On - Eli) Vi + Vi 

(.ui + Vit-Wa+Vu) Uii + Vii 


( 1 ) 


in which XJi “ + tt cj 

Vi - fici + fjJa 

Vi — uiWiCi 4- tijiyica 

1^1 “ viiZ»i2i 4* 

where c concentration of cation and 0 of anion 
11 — mobiUty of cation and v of anion 
w “ valence of cation and vf of anion 


^ This IS more apt to be true of freshly collected cells than of those which have 
been freed from neighbonng cells and kept for some weeks m the laborator> in 
Solution A at 15 dbl C Regarding Solution A see Oaterhout W J V , and 
HiU S E J Gen Physiol 1933-34, 17, 87 

2Hm,S E andOsterhout W J V Proc Nat Acad Sc 1938 24,312 
• C/ Michaelis L , Hydrogen ion concentration, Baltimore, The Wilharas 
and Wilkins Co 1926 179 This formula is incorrectly gi\'en m some text books 
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The subscnpts I and II refer to the two solutions, the subscripts I and 2 to the 
different ions All values relate to X, the outer non-aqueous protoplasmic surface 
layer 

In the case of 0 005 m vs 0 0005 ii CaClj it has been pointed out by Longs- 
worth^ that when we put Cci = 2 Cca this equation reduces to 


PD 


«Ca - 2 pc 1 
2HCa + 2vc] 


, CCa 
logio ft 

cc^ 


( 2 ) 


where c' relates to Solution I (0 005 ir CaCl 2 ) and c" to Solution II (0 0005 m 
C aCl 2 ) The sign of the calculated p d is that of Solution II in the external 
arcuit 

It is also pomted out by Longsworth that equation (2) can be derived by 
starting with the general equation^ 


in which t IS the transference number and z is the valence of the ith ion, account 
bemg taken of its sign In the case of CaCk, assuming a constant transference 
number and activities equal to concentrations the equation becomes 



, CCa 

In.— 

CCa 


RT.^ c’a 

— Oci) In. — 
F cci 


(4) 


But /ca + 1 although cci > cca we have 



CCa <^C1 c" 

(5) 

II 

rtcaV RT. 

'Ca)ln.^„ 

(6) 

_ 

F\ 

'3tca ,V c' 

(7) 

II 

f“Ca-2jClV 
\2«Ca + 2vci/ 0 

(8) 


^ Longsworth, L G , personal commumcation 

6 Cf MacInnes, D A , and Longsworth, L G , The potentials of galvamc 
cells with liquid junctions, in Cold Spring Harbor symposia on quantitative bi- 
ology Cold Spring Harbor, Long Island Biological Association, 1936 4, 18 
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At 20°C this may be wntten 


rj) 



_ «ci 
+ — 

-58 

WCa + tCl 



(9) 


( 10 ) 


^vherc t* and «■* arc the valencies of the cation and amon respectively (it should 

Cj^++ 

be pointed out that m all the equations He* relates to — ^ and not to Ca'*^, i e , 

It IS the mobility per equivalent of calautn ion and not per mole 
Similarl> for NajS 04 we have 


PU) 


58 


ZwNa — t»SO , c' 

2mn» + 2i^o. c" 


( 11 ) 


Equations (9) and (10) arc identical with equation (2) 

No matter how high we put «c» we find that with re* + cc* - 10 the calculated 
value of the p d does not exceed 29 mv if the partition cocfTiaent remains con 
stant But if the partition coefEaent 5c#a ("* concentration m \ + concen 
tration m the external solution) increases with concentration (as happens with 
certain salts In models*) so that when cca + - 10 m the external solution we 

have m \ cca + «‘c» *“ calculation gives «c» - 20 for a p d of 32 mv 

(as reported^ m Table I) 

As the value of «c» depends on that assigned to Scacu its significance is doubtful 
but the following calcuhtious may be of interest It has been shown previously* 
that from the data in Table I we get “ H 9 and - 7 93 if the value of 
’S'kci «^KaCi IS taken as 60 w e get the observed value of 95 mv for 0 01 u KCl w 
0 01 u NaCl Taking i/ca ^s 20 we must put Sko + •^CaCU 27 5 to get the 
observed value of 62 mv given m Table I for 0 01 ii KCl vs 0 005 ir CaClj 

The v’aluc of the partition coeOiacnt probably increases with concentration as 
already assumed m the case of CaCb If this increase is more rapid for KCl than 
for NaCl it would explam why the potassium effect falls off with dilution below 
OOlu 

Since S’kci + •S’ctch is taken as 27 5 and Jrq + •S'niCI 60 the value of 5 n»ci + 
•S’caQi niay be taken as 27 5 + 60 - 0 46 Calculation on this basis gives for the 


•Osterhout W J V Kamerling, S E nndStanlc>,W M,/ Gat Phystol , 
1933-34 17, 469 

^Thc expenments were performed on Ntidla Jlcxtlis, Ag , using the tcdiniquc 
desenbed m a former paper (c/ Hill, S E and Os.tcrhout, W J V , / Gen 
Phystol , 1937-38 21, 541) Temperature 20 ±3®C All measurements of pj) 
were made from photographic records 
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p D of 0 01 M NaCI w 0 005 m CaClj* 14 mv instead of the observed 22 mv 
(if we put i'NaCi -r ^CftCh = 0 25 we get 22 mv ) This may indicate that CaCb 
changes the non-aqueous surface layer as it diffuses through it and comes in con- 
tact with the NaCl already present 


TABLE I 

The sign * of the r d is positive unless otherwise stated and is that of the first 
mentioned solution as observed in the external circuit (In all cases the change 
was made in both directions, c g from dilute to concentrated and vice versa or from 
NaCl to KCl and vice versa ) 


Solution 

P D 

No of 
obser- 
vations 

No of 
cells 

Calcu- 

lated 

values 

Concentration potentials (homoionic junctions) 



0 001 M KCi vs 0 01 M KCI 

49 ±0 49 

95 

j^H I^H 



0 001 M NaCl vs 0 01 u NaCl 

45 ±0 69 

75 

S S 

— 

0 0005 M CaCIa w 0 005 M CaCh 

32 ±0 65 

60 

B B 

— 

0 001 M KCI + 0 0005 M CaCIa vs 0 01 M KCI + 

0 005 M CaCIa 

45 ±1 12 

75 

11 

43 

0 001 M NaCl -f 0 0005 h CaCIa vs 0 01 u NaCl 
+ 0 005 M CaCIa 

33 ±0 73 

70 


28 


Chemical potentials (hcteroionic junctions) 


0 01 M KCI w 0 01 M NaCl 

-95 ±2 0 

1 120 

44 



to 01 M KCI ti5 0 01 M KCI 4- 0 005 M CaCIa 

-30 ±2 2 

100 

44 

— 

0 01 w KCI vs 0 005 M CaCIa 

-62 ±2 6 

38 

28 

— 

0 01 M KCI -f 0 005 M CaCIa w 0 01 M NaCl + 

-42 ±2 3 

75 

40 

-28 

0 005 M CaCIa 

0 01 It NaCl vs 0 005 M CaCIa 

22 ±1 2 

40 

31 

14 


* The p D is called positive when positive current tends to flow outward from 
the sap across the protoplasm to the external solution 

t Very small values have not been considered (m many cases the value was 

zero) 

According to Henderson’s equation the addition of solid Cade, 
without change of mobilities or of partition coefficients, to a solution 
of KCl should make it more negative but in reality it becomes more 
positive The calculation shows that if the ratio of partition co- 

8 Here CaCb is negative to NaCl 
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effiacnts is Skq “ ‘5c»a. = 27 S then 0 01 M KCI should be positive 
to 0 01 M KCI + 0 005 M CaClj by 0 6 mv But it is really negative 
by 30 mv , as shown in Table I This would result if or S^ci were 
lowered considerably by the action of CaCli 

If were lowered considerably the concentration effect would fall 
off greatly but this is not the case The concentration effect of KCI 
for a 10 fold dilution is 49 mv and for KCI + CaCh is 45 mv (Table 
I) which would indicate that «k is about the same m both cases 
Probably the simplest assumption is that in the presence of calaum 
the value of falls off If in the mixture of KCI + CaClj the 
ratio — 5cat fell to S 4 the calculation would give’ for 0 01 M 
KCI vs 0 01 M KCI + 0 005 ii CaCh a p D of 30 mv with the 
mixture” positive to pureKCl This agrees with observation (Table I) 

It might be suggested that calaum in this case merely has its 
ordinary antagonisfac effect But it takes very httle calaum to form 
an ordinary balanced solution (eg 0 01 M KCI + 0 0005 M Cads) 
which preserves the life of the cell indefinitely To affect the p d 
in the manner described in this paper much more calaum is necessary 
(usually about 10 times as much) It is a stnkmg fact that when we 
employ 01 m mstead of 0 01 M KCI” • the addihon of 0 05 m CaCls 
usually has httle or no effect on the P D 

Moreover with certain cells the addition of as much as 0 005 ii 
calaum to 0 01 M KCI has httle or no effect on the P D although the 
normal antagomstic action of calaum is seen when its concentration 
IS only 0 0005 M 

Another possibility is that calaum acts by preapitating an organic 
substance (or group of substances), called for convenience Rp, which 
sensitizes the cell to the action of potassium If, as suggested m a 

’ Presumably this value vanes with conditions like that of other partition co- 
effiaent ratios 

” For purposes of calculation we assume that in the non aqueous protoplasmic 
surface we have m arbitrary iiiuts for pure KCI Ckci “ 55 and for the mixture 
CEO *= 10 8 and ccmO ■= 1 

” In short experiments the effects of 0 1 M KCI are fuUy reversible m the ab 
sence of calaum 

” To alter the effect of lower concentrations of KCI (0 Of m to 0 05 n) we need 
CaCh of the same nonnahty as KCI less than this usually has httle or no effect 
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former paper, the solubilitj^ of this substance is decreased by calcium 
we may expect that as the concentration of calcium increases beyond 
a certain point the surface will become less sensitive to the action of 
potassium (unless the latter has too high a concentration^^ as appears 
to be the case with 0 1 m KCl) 

Hober^s has suggested that in muscle calcium influences the col- 
loidal structure in such fashion as to dunimsh the effect of potassium 
on the P D 

As the result of the foregoing we arnve at the following values 
= If 9, = 7 93, 7 /q, = 20 The ratios of partition coeffiaents 

are, S^ci ~ ^Naci = 60, S^ci ~ ^cach = 27 5, i'^aci "" ‘5'caci =0 46 
in a mixture of KCl -j- CaClj we have — Sc^ch =54 and in a 
mixture of NaCl -f- CaClj we have — •S'caCb = 0 46 
Using these values we obtain the calculated values shown m Table I 
For the concentration effect the agreement between calculated and 
observed values is ver}'- satisfactory for the chemical effect it is less 
so but here we must allow for comphcating factors 
Let us now consider another effect of calcium Fig 1 shows that 
when the concentration of a mixture of KCl -f CaCL mcreases beyond 
a certain point an action current is encountered after which the level 
of the curve is higher by a defimte amount This is also found in 
pure KCl The latter has been descnbed in a previous paper^® and 
as the behavior of the mixture is closely similar it need not be discussed 
here in detail The effect of calaum is to raise the concentration at 
which the action current occurs This is e\ndent on companng Fig 1 
with the corresponding figure in the previous paper 

Still another effect of calcium is to inhibit the production of rapid 
action currents when cells are exposed to 0 01 ir NaCl, as described 
elsewhere 

Osterhout, W J V , and Hill, S E , 7 Gen Physiol , 1933-34, 17, 105 
A high concentration of potassium would tend to increase the concentration 
of Rp if, as suggested in a former paper (Hdl, S E , and Osterhout, W J V , 

J Gen Physiol , 1938-39, 22, 107), the latter is a compound of potassium 

iSHober, R , Arch ges Physiol , 1904-05, 106, 599, 1916-17, 166, 582, 1929, 

222 82 

i«Hill, S E , and Osterhout, W J V,J Gen Physiol , 1937-38, 21, 541 
Hill , S E , and Osterhout, W J V , / Gen Physiol , 1938-39, 22, 91 



W J V OSTERHOUT AKD S E THTT. 


145 


Kv 



Fig 1 Changes of p d produced by a imxtuie of equal parts of a solution of 
KCl and a solution of CaCU of the same normabty The concentrations give the 
normality of each salt m the mixture thus 0 1 n signifies a solution contammg 
0 1 N KCl 4- 0 1 N CaClj 

The broken straight line approximates the theoretical slope of the curve showing 
change of diSusion piotential ■ahen the concentration of KCl in contact with Nilelld 
increases and the mobihty of K"*" greatly exceeds that of Cl", partition coeffiaents 
being constant The scale of abscissae is loganthmic each step is made by 
multipljmg by 3 16 ( = 10'’ 

The curve with crosses shows measurements on a smgle cell as the concentration 
mcreases (arrows pomting upward) The curve with open circles shows measure 
ments on the same cell as the concentration decreases (arrows pomting downward) 
The lowest curve shows the average of 6 cells as the concentration of KCl decreases 

The slopes of the curves do not exceed the theoretical except in the curve with 
crosses where 0 001 is replaced by 0 00316 n At this pomt the change m p D 
occurs m two steps as indicated by the dotted hne The first step does not exceed 
the theoretical, the second is larger and is due to an action current which perma 
nently raises the level of the curve 

In condusion we may say that m these celb the mobilities of K+ and 
Na+ were much closer together than in certain cells studied earher** 

”Osterhout,W J V J Gen Physiol 1929-30 IS, 71S 
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(the values are 11 9 and 7 93 respectively instead of 85 45 and 2 18) 
It IS possible that this is due in part to the treatment in the laboratory 
We know that mobilities can be influenced m vanous ways For 
example guaiacol greatly lessens the mobihty of K+ m Valoma>^ and 
increases that of Na+ m both Valonia and Halicyshs 20 Treatment 
with distilled water greatly lowers the mobility of K+ in Nitella 21 
We also see that in these Nttella cells the partition coeflScients differ 
from those found in earlier studies For example — ■S'njici is 
60 instead of unity We find that calcium appears to reduce 5 'kci 
from 27 5 to 5 4 This recalls experiments which show that distilled 
water may lessen the partition coefficient of KCl ^ 

We may conclude that mobilities and partition coeflScients are 
variable and can be brought, to some extent at least, under experi- 
mental control 

SUMMARY 

In Natella the substitution of KCl for NaCl changes the p d in a 
negative direction In some cases this change is lessened by adding 
solid CaCh to the solution of KCl This may be due to lessemng the 
partition coefi&cient of KCl or to decreasing the solubility of an organic 
substance which sensitizes the cell to the action of KCl 
Little or no correlation exists between this effect of calcium and 
its ordinary antagonistic action in producing a balanced solution 
which preserves the life of the cell indefinitely 
CaCla is negative to NaCl but positive to KCl 
The effects of mixtures of KCl, NaCl, and CaCL are discussed 
The concentration effect of a mixture of KCl -f- CaCh shows certain 
peculiarities due to action currents these resemble those found with 
pure KCl 

These studies and others on Nttella, Valonia, and Hahcystis indicate 
that mobilities and partition coefficients are vanable and can be 
brought under experimental control 

i^Osterhout, W J V, J Gew Fhystol , 1936-37, 20, 13 
2 ® Osterhout, W J V , / Gcii Physiol , 1937-38, 21, 707 

21 Osterhout, W J V , / Gen Physiol , 1934-35, 18, 987 

22 Osterhout, W J V , and HiU, S E , Proc Nal Acad Sc, 1938, 24, 427 



THE KINETICS OF PENETRATION 
XV The Restriction or the Cellulose Wall 
By A G lACQUES 

{From the Lahoraiones oj The Rockefeller Institute for Medical Research) 
(Accepted for publication, May 10 1938) 

The object of the present paper is to show the effect of the cellulose 
wall on the rate of entrance of electrolytes and of water into Valonta 
macrophysa, Kutz 

In the laboratory, when the cells are illuminated, the rate of growth 
m sea water is slow (between 0 5 to 1 0 per cent per day), and this 
slow growth appears to hmit m some way the rate of entrance of 
electrolytes smce the osmotic pressure and the halide concentration 
of the sap are maintamed at approximately constant levels 

If the cell IS impaled on a capillary so that space is provided into 
which the vacuolar sap can move, the restriction due to the cell wall 
is abolished and under these conditions we should expect the rate of 
entrance of water and of electrolyte to increase 

It wiU be shown that this prediction is realized the rate of entrance 
of both water and electrolyte is mcreased IS fold on the aver- 
age 

In the case of Baltcyshs cells impaled on a capillary for electrical 
measurements the nse of liquid m the capillary has been observed by 
Blinks,! who states* that it may continue mdefimtely He did not, 
however, study the phenomenon systematically The present ex- 
periments are an outgrowth of Bhnks’ observations 

Impaled Valonta cells have been used by Kommann* as osmo 
meters m hypertonic solutions contammg alcohols and salts, but 
his results have no beanng on the present work 

' Blinks, L R,/ Gen Physiol 1934-35 18,409 
Private communicaUon 

* Kommann P Protoplasina 1934 21, 340 1935 23, 34 
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EXPERIMENTAL 

Since Valonia cells were first impaled on capillaries in order to measure poten- 
tial differences across the protoplasm/ a great deal of information has been ac- 
cumulated concernmg their behavior under these conditions It has been found 
that in a very great number of cases the capillary becomes plugged by a jelly-Iike 
material, probably derived from the protoplasm This material seems to have 
little or no effect on the electrical properties of the system, but effectively prevents 
the escape of hquid from the vacuole Because of this plug formation, the present 
experiments were extremely tedious and time consuming By far the greater 
number of cells unpaled plugged the capillary in a short tune In a few cases the 
plug was removed by cautious reammg with a fine tungsten wire, but m general 
the plug once formed was irremovable 

The cells were impaled on fine thin-walled capiUanes drawn on the ends of 
thick-walled capillary tubes about 0 15 cm m diameter and about 10 cm long 
The cell impaled on the capillary was supported on a glass ring attached to the 
cork of a wide-mouth 4 oz bottle, in such a way that the ceU was immersed just 
below the surface of the sea water A groove was cut m the side of the cork m 
order to keep the pressure in the bottle at that of the atmosphere The bottles 
were immersed up to the neck in a large shallow tank, through which a moderately 
rapid flow of sea water was mamtamed This served roughly as a thermostat 
keeping the temperature during the experiment at 17 5® C ±0 5°C 

Before impalement the volume of each cell was detemuned separately by the 
method described in a previous paper ® At intervals, after impalement, measure- 
ments of the height of the hquid in the capiUarj' were made, using a micrometer 
cahper reading to 0 002 cm The hquid was allowed to nse only a few centimeters 
in the capillary before it was removed by means of a fine capiUarv tube This 
prevented the development of too great a hydrostatic pressure 

The rise of liquid in the capillary was observed for about 48 hours in most cases, 
after which the cell sap was extracted for analysis for potassium and chlonde 
The former was detemuned on 0 1 ml samples by micro-gravimetnc analysis as 
K 2 PtClB and the latter on 0 1 ml samples by potentiometric titration with silver 
nitrate 

A group of cells from the same collection as the impaled cells was analyzed for 
potassium and hahde with the following results, K = 0 5123 M, hahde = 0 6166 m 
T hese figures were used in calculating the number of moles of potassium and hahde 
initially present in each case This procedure is not wholly satisfactory, since it 
neglects the natural variations in composition among the cells However, since 
all cells used for impalement, for imtial analysis, and for volume change of un- 


* Osterhout, W J V , Damon, E B , and Jacques, AG,/ Gm Physiol , 
1927-28, 11, 193 

^Jacques, A G , and Osterhout, W J V, / Gen Physiol , 1931-32, 16, 537 
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impaled cells were derived from the same collection, and had been kept m runnmg 
sea water m the laboratorv under precisely similar conditions it is considered 
that the natural variations would not have been great enough to vitiate the calcu 
lations This is certainly true of the halide calculations 

In this connection the recent analyses of Steward and Martm* are of interest 
Their results show that the hahde and potassium concentration of cells stored 
in the laboratory tended to become stabilized at fairly constant values 

TABLE I 

Increase »n Volume and Moles of Potassium and Haltde tn Impaled Valonta Cells 
tn 4S Eoitrs 


CeUNo 

Taaeue 

in 

Volume 
la 48 hn. 

Final ffioUr coacen 
tration 

Increase la 
(moles X 10*} 

Pec cent Increase 
in moles 

Increase 

La 

volume 

PoUauom 

Halide 

Potassium 

Halide 

Potas- 

stnm 

Halide 


te 

u 

u 





fer cent 

1 

0 19S 

0 4949 

0 6171 


1 226 

21 1 

25 5 

25 5 

2 

0 124 

0 4872 

0 6162 


0 /63 

15 8 

21 7 

21 7 

3 


iigKQl 

0 6183 



16 1 

19 2 

18 9 

4 

0 133 

0 4949 

0 6109 


0 789 

27 5 

30 8 

32 0 

S+6+7t 

0 289 

0 5156 


1 535 

1 656 

22 0 

20 0 

21 5 

8+9+lOt 

0 471 

0 5105 

0 6175 

2 372 

2 925 

25 9 

26 6 

26 4 

A^e^lge 

21 4 

23 9 

24 3 


* The mcrease in moles has been calculated as the difference between moles 
imtially present and moles present at the end of the experiment These data are 
omitted from the table but they can readil> be calculated by calculatmg the 
mitial and final volumes from the volume increase and per cent \ olume mcrease 
m moles X 10^ — concentration X volume in cubic centimeters X 10 Iiutial 
concentrations of K and halide were 0 5123 m and 0 6166 u respecUvelj 
t The sap of these three cells was combined for analysis 


Another similar group of 10 cells was used to detennme the volume change of 
imimpaled cells kept under the same conditions 

In all the mcrease m volume of the sap of eighteen impaled cells was followed 
In some cases no analyses were made, as the sap was lost, and m others the sap 
was used for pH determination 

The experiments were earned out m Bermuda m the wmter of 1936-37, in the 

® Steward F C , and Martin J C Carnegie InsttluUon of Washington, Puh 
No 475, 1937, 117 
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Him light of a basement laboratoiy The air temperature vaned between 18° and 
21°C but the bath in which the bottles were immersed was at 17 5°C ± 0 5°C 
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sap analyses at the end of the exposure And the total increase m 
the volume of the sap has been calculated from the nse of the hquid 
m the capiUary by the usual formula 

Volume = vr*h 

where h is the capillary rise r was measured directly by the micro 
scope by means of a micrometer eyepiece The number of moles 
of potassium and hahde passmg into each cell has been calculated as 
the difference between moles ongmally present m the sap and moles 
present at the end of the experiment 

Fig 1 gives a selection of curves showmg the mcrease m the x olume 
of the sap with tune Fifteen cells were followed for the full 48 hour 
period The ax erage volume at the start was 0 491 cc The largest 
cell volume was 0 779 cc and the smallest 0 209 cc The average 
increase in volume was 0 121 cc or 24 7 per cent xvith an average 
deviation from the mean of 4 5 per cent The smallest volume in 
crease was 15 6 per cent and the largest 41 4 per cent There was no 
discermble correlation between the size or shape of the cell and the 
rate of increase in volume 

The curves are typical Curves not given haxe been omitted 
merely m order to avoid too much overlappmg of pomts 

mscussioN or results 

Fig 1 ^ows that the rate of increase of volume of the cell sap was 
greatest at the begmmng The mitial rate, however, dimimshed in 
from 2 to 5 hours, and subsequently it was apprommately hnear 
It seems probable that the first rapid increase of volume represents 
an adjustment of the osmotic pressure relationships of the sap and 
sea water due to dilution of the sap because water enters more rapidly 
than electrolyte This would be expected when the restnction of 
the cellulose wall is removed 

A number of measurements of the freezing point depression of 
Bermuda sea water and of Valoma cells groxving m it were made, 
while the experiments described m this paper were m progress As 
anticipated from the fact that ummpaled cells have considerable 
turgidity it was found that the freezing point depression of the sap 
was always greater than that of the sea water 
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The average freezing point of Bermuda sea water^ is -2 021°C 
which corresponds very closely to the freezing point of a 0 603 
K.C1 or NaCl solution The a\'’erage freezing pomt of the sap was 

— 2 150°C which corresponds to the freezmg point of a 0 640 m 
KCi or NaCl solution In order to brmg the concentration of the 
sap down to 0 603 ii, it would be necessary to dilute each 1 000 cc 
to 1 061 cc 

It seems highly probable that after the hnear rate has been es- 
tabhshed, electrolyte and sap enter at such a rate as to keep the total 
concentration in the sap approximately constant 

The question now remains whether there is an}*^ evidence that the 
sap IS diluted suffiaently during the early rapid entrance to bring the 
osmotic pressure of the sap down to that of the sea water 

Let us take the cuix^e for cell 1 During the first 300 minutes 
(after which the rate became hnear) the volume of the sap increased 
by 0 042 cc But the original volume was 0 776 cc , so that if only 
water had entered the cell the concentration® would have dropped 
from 0 640 to 0 607 m But during this period electrolyte also en- 
tered and it may be assumed that the rate of entrance was not less 
than that during the hnear part of the curve In order to estimate 
the dilubon we ma}^ break up the process of entrance in the rapid 
stage into two parts, (a) the dilution of the sap by pure water, and 
(b) the concurrent addition of undiluted sap to the sap Interpolat- 
ing from the hnear part of the curve we find that in 300 mmutes, the 
equivalent of 0 018 cc of undiluted sap was added to the sap The 
amount of pure nater added was therefore 0 042 cc — 0 018 cc 
= 0 024 cc This would cause the concentration to fall to 0 794 

— 0 818 of 0 640 = 0 621 m Similar calculations for the other 
cur\^es 3 leld similar results 

Apparently, therefore, the maximum possible dilution is not enough 

"• The freezing points were determined by means of a Heidenham thermometer 
calibrated at the Bureau of Standards 

®This figure has been derived by plotting the freezing pomt data giren m 
Landolt, H , and Bornstein, R , Physikahsch-chemische Tabellen, Berlm, Juhus 
Sprmger, 5th edition, (Roth, W A , and Scheel, K), 1923, vol 2, 1446 and 1452, 
and mterpolatmg from the hnear curve obtamed 

® This is the theoretical concentration in terms of RCl or NaCl derived from 

freezmg pomt measurements 
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to abolish the difference in osmotic pressure between the sap and sea 
water 

Returning to the actual figures, the initial halide concentration w as 
0 6166 11 And the aierage hahde concentration of the sap of uu 
paled cells at the end of 48 hours was 0 6148 u This represents an 
even smaller dilution than that calculated This may mean that 
dunng the linear stage, the electrolyte concentration gradually builds 
up after the first dilution In view of the natural variation of the 
cells it IS difficult to draw definite conclusions, but it seems possible 
that in spite of the impalement the osmotic pressure of the sap is 
mamtamed at a level higher than that of the sea water 
It was found that the unimpaied cells grew at the rate of 0 8 per 
cent per day dunng the first 48 hours This rate was in fact main 
tamed for 10 days, at the end of which time growth measurements 
were stopped The hahde content of the sap of these cells at the end 
was 0 6154 m 

By contrast the volume of the unpaled cells grew at the average 
rate of 12 per cent per day or 15 times as fast Moreover from 
Table I it appears that the percentage increase in the moles of hahde 
was almost as great as the percentage increase in the sap volume, so 
that the entrance of electrolyte was also about 15 times as fast as 
into unimpaied cells 

It will be observed that the percentage increase in potassium moles 
was somewhat less than the volume increase This may mean that 
the ratio of K/Na m the sap decreased dunng the experiment, on 
the other band it may be the result of natural vanation 
We may now consider the possible reasons for the stnhmg difference 
m the rate of entrance of water and electrolytes into unpaled and 
intact cells 

The method of treatment which follows is denved from the then 
retical interpretations given by Osterhout“ and by Longsworth'® for 

The discrepancy between the concentration 0 640 at which is the concentra 
ton of a solution of KCl or NaCl equivalent to that of the sap is made up m part 
b> tbe nitrate concentration of the sap which is on the average 0 016 m The 
remainder may be due to bicarbonate ion and other organic amons 
n Osterhout tV J V T Gtn Physiol 1932-33, 16, 529 
** Tongsworth LG/ Gen T/iywof , 1933-34, 17, 211 
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the guaiacol model The model consists of an “oily” layer (guaiacol) 
separating two aqueous la} ers It seems probable that the VaJojim 
cells and the surrounding sea water form essentially the same sort of 
s} stem, with the important difference that in the unimpaled cell the 
vacuole is an enclosed space, not a free space as is the corresponding 
space in the model From electrical considerations it seems probable 
that the protoplasm consists of “oily” surface layers separated by an 
aqueous la} er But for the present purpose it may be treated as a 
single “oily” layer In the model it is assumed that at each phase 
boundai}’- there are a pair of adjacent unstirred la}’-ers, one on the 
aqueous and the other on the non-aqueous side of the boundar}’- 
Sunilarl} in the cell there are two pairs of adjacent unstirred layers, 
one pair at the sap-protoplasm mterface and the other at the sea 
water-protoplasm mterface It is assumed that immediately at the 
mterface between two unstirred layers the solutes are m equihbnum 
In the equihbrium region the ratio of the concentration of a solute m 
the protoplasmic surface to its concentration m the external aqueous 
phase IS its partition coeffiaent It is assumed that ionization is 
negligible m the non-aqueous layers of the protoplasm so that solutes 
and water transferred between the sea water in the sap must diffuse 
in the non-aqueous portion of the protoplasm chiefly m the molecular 
form 

It IS supposed that bases, J/", are transferred between the sap and 
sea u ater in the form of MX, where A' is the amon of a weak acid 
HA' elaborated by the protoplasm 

For the flux of bases'^ we may denve the followmg equation 

dt h 

and for the flux of water 

^ AJ^ (J) 

Each base is necessanli accompanied b) amon, but this parhcular amon 
does not necessanli appear in the sap In the model, for example, potassium 
moACS through the guaiacol m the form of potassium guaiacolate (called for 
comemence KG), but it appears m the mtemal aqueous phase as potassium 
bicarbonate due to the decomposition of KG by carbomc aad In the case of 
Valoma it is JfCl which appears m the sap, but the method by which the Cl" ion 
enters the sap is not important for the present discussion 
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where D indicates the diflusion constant, 5 the partition coefficient, 
h the thickness of the diffusion layer, and A its area o refers to the 
sea water, i to the sap, op to the aqueous unstirred layer at the sea 
water protoplasm interface, and ip to the aqueous unstirred layer at 
the sap protoplasm mterface Unless otherwise stated we are deahng 
m each case only with the part of the unstirred layer where the 
solutes are in equihbnum across the interface Square brackets in 
dicate concentrations and round brackets activities 

In equation (o) 

*t « .To j-pp ^ :ri ^ip 

ihyd.(H,0)(p 

The assumption is made that corresponding acti\nty coeffiaents m 
the sap and sea water are equal since the lomc strengths of the two 
aqueous phases are suffiaently ahke The activity of "ssater in the 
two phases is also assumed to be the same 

Equation (o) is derived in the following manner we put 

\UX]p ^SoplMXUp, and JfXpi - p 

whtse j>o reieis lo the pioteplasm side o5 the sta. wetei protopla^ interface and 
pt to the protoplasm side of the sap-protoplasm interface 

It IS now assumed that 

[if] p •= lAfJo, and (OH) p «= (OHl^ and \il]ip =■ [M] and (OH)ip = (OH)i 

that 15 to say that for these ions denved from the sea water or sap there are no 
gradients in the aqueous unstirred la>ers This will not be true of HY or X ions 
which are denved from the protoplasm And for these we must employ the con 
centrations in the aqueous lavers m equihbnum, since these concentrations deter 
mine the rate of entrance 

Now HA IS a weak aad Consequently its salts are hydrolyzed in aqueous 
solution accordmg to the general equation, 

3f + + A- + H,0 K * + OH~ + HA 

for which the formal thermod> namxc mass action equation is 

lU] (OH) [EOrkp ^ Mi(OH) ^ 
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Now 


DM AD^^ 

= ~J- (lMX]po ~ [MX]p,) 

^2)MX 

In this equation we substitute for \MX\op and [MX],p the values obtained from 
the hj’-drotysis equation above and in this way obtain equation (<x) for a cell with a 
protoplasmic surface of unit area and thickness 

By making the reasonable assumptions that [HZ] = [HZ] .p = 
constant, that S^if = S^f, and that we can reduce 

equations (a) and (b) to 

dM 

— = Ai([M]o(OH)„ - M.(OH).) (c) 

dM-0 

— = - iHiOj.) (d) 

The interdependence of these two processes will be clearer if we 
reahze that equation (d) may be written 

^ - k'(C, - Co) (e) 

in which C = the osmolar concentration Or 


at 

where u is the osmotic coefficient, M = K + Na, and m = all osmot- 
ically active constituents except NaCi and KCl Equations (c) and 
(J) may be compared with the equations developed by Jacobs^^ for 
the simultaneous penetration of a solute and water into cells ki 

Jacobs, M H , / Cell and Comp Physiol , 1932-33, 2, 427, 1933-34, 4, 161 
The situation is complicated m the case of Valoma by the entrance of halide 
m some form Tentatively we shall assume that hahde passes through the proto- 
plasm as NaCl, and that at the protoplasm-sap interface Cl is exchanged for X, 
the anion of weak acid, HZ, which is found m the sap and that this process goes 
on at such a rate that all MOH entermg the sap is transformed to illCI Thus 

[IfCl]. 
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and k'i are not, as they are m Jacobs’ equation, comparable “per 
meabibty constants” because the concentrations are not expressed 
in the same terms However, the same considerations apply in 
certain respects 

Thus there are three main possibilities, (a) kt, the permeability 
constant o£ water, may be much greater than h, the permeabihty 
constant of the electrolyte, (6) A, may be verj great compared with 
k , (c) kt and Ai may be of the same order of magmtude 
In the case of Valoma the evidence suggests that condition (a) 
obtains smce it is observed that m hypertomc sea water the cell softens 
very rapidly due to the loss of water, and that in hypotomc sea water 
It hardens very rapidly due to the gam of water 

Under these conditions, as Jacobs points out, the cell sap might be 
expected to be in osmotic equilibnum with the sea water since the 
entrance of electrolyte would be followed at once by the entrance of 
enough water to restore the balance Approximately this condition 
IS fulfilled in the impaled cell, except that apparently the osmotic 
pressure of the sap is sbghtly in excess of that of the sea water This, 
however, is not definitely estabhshed As pomted out earlier in the 
paper there is evidence that some osmotic adjustment takes place 
when the cell is impaled, but the concentration of the hahde seems to 
decrease too little to produce osmotic equihbnum 
In both intact and impaled cells, the electrolyte may be considered 
to enter at a rate proportional to the gradient” 

[JfpfOH). - IMWOH), 

But smce the rate of electrolyte entrance is much less m the intact 
than in the impaled cell we should expect the gradient to be smaller 
m the intact cell In this case therefore we should e'qiect the con 
centration of ilfCl” m the sap to be much higher m the intact than in 
the impaled cell, since in this way the gradient would be smaller as 
required by the theory This is contrary to observation since ap 

This hyhnd expression containing acUvities and concentrations is used 
because the available data are the concentrations of potassium and sodium in the 
sap and sea water from analyUcal data and the hydrogen ion activities from pH 
measurements The activity coefficients are not known 
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proxunately the same steady state is observed in both mtact and 
impaled cells 

An inciease in the gradient could occur if the pH of the sap de- 
creased on unpalement But within the limits of natural vanation 
the pH of both impaled and intact cells seemed to be about the same 
Since the carbon dioxide in the sap appears to be under shght pres- 
sure, unpalement might be expected to reheve this pressure This 
should, however, cause the sap pH to nse which is a change m the 
wrong direction 

Some figures may be lUummatmg In an intact cell under normal conditions 
we may calculate the gradient for potassium entrance appro'omately from the 
following data,^’ 

[K]„ = 0 012 M, (OH)o = 10-^, IK], = 0 5 M, (OH), = lO"* 

Hence the gradient 

[Z]<,(OH)a - [K).(OH). = (12 X 10-«) - (5 X 10-«) = 7 X 10-9 

Obviously no change m [K], or (OH), can brmg about a 15-fold mcrease m the 
gradient smce even if the nght hand term vamshes the increase will be less than 
2-fold 

In the impaled cell the gradient has approximately this value and one-fifteenth 
of it is 4 7 X 10 Hence to attam this value the internal product would have to 
mcrease to 11 53 X 10-^ If the sap pH remams at 6 0 this can occur if [K], 
mcreases from 0 5 m to 1 15 ir, or if [K], remams constant at 0 5 M by an (OH), 
increase to 23 X 10“® correspondmg to a pH of 6 36 This is conceivable but 
not hkely smce because of the pressure developed m the mtact cell its pH is likely 
to be less than that of the intact cell Actually the pH of the sea water espeaally 
m the outer protoplasnuc layer is apt to be somewhat greater than that of the 
mam mass of the sea water, dunng lUuramation, smce carbon dioxide may be 
withdrawn from that layer photosynthetically If for example immediately at 
the sea water-protoplasm mterface, the pH is 9 0 (which it may well be since we 
have evidence that by photosynthesis the pH of even a large amount of sea water 
m a stoppered^® bottle may be raised as high as 9 5) the gradient would be (120 X 
10-3) _ (5 X 10-3) _ 115 X 10-3 One-fifteenth of this is 7 7 X lO"® To 
obtam this value the right hand term of the gradient equation must be 112 3 X 
10-3, 50 tijat if the pH remams constant [K], must mcrease to 11 23 m or if [K], 


Calculations for entrance of sodium which is going on sunultaneously are 
omitted smce they add nothmg new 

“ See also Crozier, W J ,J Gen Physiol , 1918-19, 1, 581 
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remains constant the pH mnst mcrease to 7 35 Obvioudy these are impossibly 
large changes 

The third case (c) where ki (the rate constant for the electrolyte) 
and kt (the rate constant for the water) are of the same order of mag 
mtude can be dealt with bnefly since it resembles case (o) closely 
In the impaled cell where water can enter freely, the concentration 
m the sap is determmed by the relative magmtudes of ki and ki 
as It IS in the guaiacol model We should not expect approximate 
osmotic equality at this steady state except as the result of pure 
chance 

It IS therefore interestmg that in the case of Bahcyshs, also, to be 
discussed elsewhere, the sap and sea water in the impaled cell are 
approxunately in osmotic equilibnum As m case (o) where ki is 
very small compared with h, when the cell is intact we should ex 
pect the gradient to be smaller in agreement with the slower rate of 
electrolyte entrance This, as pointed out before, would necessitate 
an increase either in the If Cl concentration or the pH of the sap 
Neither of these things is observed 

In case (i) h is extremely large compared with h On this 
basis we should expect the gradient [If] (OH) — [If] (OH) to 
be very nearly zero at all times smce the entrance of water would be 
followed at once by the entrance of enough electrolyte to abohsh the 
gradient 

Considenng potassium only and using the data given above the 
minimum concentration of potassium in the sap which would satisfy 
the condition of zero gradient would be 1 2 ii In this case, smce the 
gradient is already maintamed dose to zero, it would require only a 
very small change in IfCl or in the pH of the sap to decrease it to 
one fifteenth of its value in the impaled cell Such a change imght 
easily go undetected analytically Thus theoretically we could have 
in this case the same steady state in both intact and impaled cells 
within the limits of experimental error But the concentration level 
of the sap would be far above that of the sea water This has never 
been observed 

The foregoing leads to the condusion that it is impossible to ex- 
plam the mcreased rate of electrolyte and water entrance m the 
impaled cell from a consideration of gradients alone 
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In seeking for other explanatiotis we have considered the possibility 
that impalement produces changes in the protoplasm which lead to 
changes m its permeability 

We may assume that in the impaled cell water enters so rapidly 
that any increase in osmotic pressure of the sap just inside the pro- 
toplasm IS at once abolished by the entrance of water In the intact 
cell where the entrance of water is limited by the slow growth of the 
cell electrolyte tends to raise the osmotic pressure of the sap much 
more The cellulose envelope can be stretched up to a certain point 
and a little water can be added to increase the volume of the sap in 
this way But the limit to which the envelope can be stretched is 
soon reached Thereafter as more electrolyte enters the vacuole 
tends to gam water at the expense of the protoplasm For simplicity 
we may assume that when the sap gains m volume by taking water 
from the protoplasm, the protoplasm decreases m volume by the same 
amount We assume also that because of the high rate of diffusion 
of water in the protoplasm, any water gradient set up by the with- 
drawal of water into the sap is at once abohshed Thus the state of 
hydration is uniform throughout the non-aqueous part of the proto- 
plasm 

The protoplasm has three layers with an aqueous layer W enclosed 
between two non-aqueous layers, X at the sea water side and F at the 
sap side At first sight it might seem that water would be withdrawn 
from W rather than from X and F But it must be remembered that 
W is not pure water but is a solution, and it is fair to assume that it 
IS in approximate equilibrium with both the sea water and the sap 
Any water it may lose will therefore be replaced from these phases, 
and as far as W is concerned X and F serve merely as osmotic mem- 
branes separating it from the sea water and sap 

We may picture the dehydration process as follows The cell wall 
has already been stretched to its greatest extent but a little more 
electrolyte enters the sap and raises its osmotic pressure As a result 
some water is removed from the F layer, in turn some water moves 
from the W layer to F, and is at once replaced by water moving mto 

15 Not quite true since the components do not mix in all proportions and there- 
fore do not form an ideal solution The effect of the slight volume changes which 
occur need not be taken into consideration here 
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W from A But X cannot regam the water it loses because the cell 
wall IS already stretched, and if water enters X it will cause an increase 
m the volume of the sap plus the protoplasm, which is impossible until 
the cell wall grows These processes presumably tahe place so rapidly 
that the dehydration takes place uniformly throughout the non 
aqueous protoplasm, and it should be dear that W contributes little 
or no water to the sap 

The dehydrabon of the protoplasm may be supposed to have two 
important effects 

(o) The viscosity of the non aqueous layers of the protoplasm may 
be mcreased and thereby the diffusion constants of each diffusmg 
molecular species may be decreased 

(6) The solubihty of each diffusmg speaes m the non aqueous 
protoplasmic layers may be decreased thereby decreasmg the parbtion 
coeffiaent of each speaes This effect would decrease the gradient of 
concentrabon of a speaes m the protoplasm 
Reduced to its essentials the rate equation for electrolyte entrance 
may be wntten for a cell surface of umt area and thickness, 

— = M ,) 

at 

This may be written 

t ,u (IMUOH), - tJfh(OH),) 

at 

of which the gradient term remains reasonably constant Therefore 
if either or 5“^ decreases the rate of electrolyte entrance 
decreases 

In the impaled cell we may suppose that the non aqueous proto 
plasm IS saturated with water at all times, but in the intact cell the 
degree of hydration is changmg continually And m the limit we 
assume that it may be so low that the protoplasm is at times imper- 
meable to some at least of the electrolytes which normally enter 
The changes in rate in response to changes m the degree of hydra 
tion of the non aqueous protoplasm may allow the cell to mam 
tain the osmotic concentration of the sap at a nearly constant level 
whether the cell is impaled or intact The composition of the cell 
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sap, however, is the resultant of the diffusion of a number of molec- 
ular species at vanous rates, to and from the vacuole We should 
scarcely expect that the dehydration of the protoplasm would affect the 
diffusion and partition coeffiaent of each speaes relatively to the same 
extent, so that when a cell is impaled and takes m electrolytes its sap 
composition might be expected to change We did not observe such a 
change, but 48 hours may have been too short a penod for an observ- 
able alteration, especially as the sap composition of normal intact cells 
IS variable,-” although the osmotic concentration is not It would be 
a formidable undertaking to carry out experiments for longer penods, 
because of the great difficulty m keeping the capillary from plugging 
There is also the possibihty that the permeabihty of the protoplasm 
remams unchanged to all diffusmg speaes until a critical degree of 
h3^dration is reached, whereupon it becomes temporarily impermeable 
to all species This would account for the constant composition 
It is also possible that there are other consequences of impalement 
which affect the permeabihty of the protoplasm Thus it has been 
suggested to us by L G Longsworth®^ that since the turgor pressure 
disappears on impalement the state of compressibibty of the proto- 
plasm IS changed 

SUMMARY 

\\ffien Valoma cells are impaled on capillaries, it is in some ways 
equivalent to remoAung the comparatively melastic cellulose wall 
Under these conditions sap can migrate mto a free space and it is 
found that on the average the rate of increase of volume of the sap is 
15 tunes what it is in intact cells kept under comparable conditions 
The rate of increase of volume is a httle faster durmg the first few 
hours of the experiment, but it soon becomes approximately hnear 
and remams so as long as the experiment is continued 
The shghtly faster rate at first may mean that the osmotic pressure 
of the sap is approaching that of the sea water (in the intact cell the 
sap osmotic pressure is always shghtly above that of the sea water) 
Tffis might result from a more rapid entrance of water than of 

-® See Stewart, F C , and Martin, J C , Carnegie Inslilulion of Washmgion, 
Pith No 475, 1937, 87 

Private communication 
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electrolyte, as would be ej^ected when the restriction of the cellu 
lose wall was removed 

During the linear part of the curve the osmotic concentration and 
the composition of the sap suffer no change, so that entrance of 
electrolyte must be IS times as fast in the impaled cells as it is in the 
intact cells 

The explanation which best accords with the facts is that in the in 
tact cell the entrance of electrolyte tends to increase the osmotic pres- 
sure As a consequence the protoplasm is partially dehydrated tempo 
ranlj and it cannot take up more water until the cellulose wall grows 
so that It can enclose more volume The dehydration of the proto 
plasm may have the effect of making the non aqueous protoplasm 
less permeable to electrolytes by reduang the diffusion and partition 
coefficients on which the rate of entrance depends In this way the 
cell IS protected against great fluctuations in the osmotic concen 
tration of the sap 
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Considerable evidence has accumulated mdicating that virus activ- 
ity IS a specific property of the tobacco mosaic virus protein (1), yet 
little information is available on the relationship between protein 
structure and virus activity Certain reagents inactivate the virus, 
and at least part of the changes they bnng about m the protein mole 
cule have been detenmned (2) In no case, however, has the nature of 
the specific change that causes loss of activitv been estabhshed The 
reactivation of mactivated virus would appear to be one of the simplest 
means of obtaimng direct evidence relating virus activity to protein 
structure Should it prove possible to alter the protein by some 
chemical means that also destroys virus activity, to demonstrate 
that the protem is altered and to establish the chemical nature of the 
change, and then to restore the protein molecule to its onginal form 
with an accompanying restoration of virus activity, it would serve to 
correlate directly virus activity with the structure of the protein 

It has been shown that tobacco mosaic virus protem inactivated by 
hydrogen peroxide, ultraviolet hght, formaldehyde, or nitrous aad 
IS only slightly altered and retains certam chemical and serological 
properties characterisbc of the active virus protein (2) The mactive 
proteins can be crystallized, are soluble, are still native, and give 
positive precipitin reactions with the sera of animals injected with 
active virus preparations Dr LauJIer' has found that the stream 
double refraction of formolized virus protem is the same or slightly 
less than that of active virus protem, and it has been shown that the 
sedimentation constant of tobacco mosaic virus protein inactivated 

^ Personal commumcaUon (see also J Biol Chan , 1938, 123, 507) 
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by hydrogen peroxide, formaldehyde, or nitrous aad (3) is practicaUy 
the same as that of the active protein These reagents must then 
cause only minor changes in the protem molecule, hence it seemed 
possible that the reactions caused by some of them might be reversible 
The reaction of formaldehyde with proteins or with ammo acids has 
been shovm. to be partially reversible by Holden and Freeman (4) 
and by Wadsworth and Pangborn (5) Anderson (6) has shown that, 
while the condensation between formaldeh3’-de and gelatm is fairly 
stable in alkahne solutions, it is less stable in acid solutions Schultz 
and Gebhardt (7) stated in a prehnunary note that they had obtained 
reactivation of formohzed bactenophage merely by dilution The 
reaction between the virus protem and formaldehyde was, therefore, 
selected as the one most likely to be reversible as well as one of a type 
that might permit the determination of the chemical changes that 
occur The present paper records the results obtamed m a study of 
the inactivation of tobacco mosaic virus protem with formaldehyde 
and the reactivation of the formohzed protem 

EXPERIMENTAL 

Preparahon of Virus Protein — ^The tobacco mosaic virus protem used m the 
present e^erunents was isolated from, diseased Turkish tobacco plants either 
by a chemical method (8) or by means of an ultracentnfuge (9) In the first 
method the virus was preapitated from the filtered dilute dipotassium phosphate 
extract of the frozen macerated plants with ammomum sulfate and the preapitate 
was dissolved m ir/10 phosphate buffer at pH 7 The preapitation was repeated 
until the filtrate remamed colorless, after ivhich the virus protem was adsorbed 
on cehte at pH 4 5 and then eluted at pH 7 By workmg m a cold room and 
keepmg all preparations below 5°C , colorless preparations were obtamed without 
the use of calaum oxide In the second method the protem was isolated from 
the filtered extract by alternate high and low speed centrifugation Preparations 
were dialyzed at least 24 hours agamst flomng distilled water before they were 
used and, as they contamed no detectable amounts of non-protem mtrogen, 
protem estimations were calculated from total mtrogen determmations 

Detenmnahon of Activity — ^The half-leaf method of moculation (10, 11) as 
used m this laboratory (12) was employed, with the exception that whole leaves 
were moculated when testmg for complete or nearly complete mactivation Nico- 
iiana glniinosa L was selected for use as the test plant m most of the experiments 
because it was found to be affected less by the toxic action of high concentrations 
of inactive virus protem than was Phoseoliis vulgaris L , var Early Golden duster 
Smce it proved necessary to detenmne to what extent the production of toxic 
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protein accounts for the loss of activity, the effect of known amounts of inactive 
protein on the number of lesions obtamed with virus protem was studied Mix 
tures were made of active virus protem with various amounts of fomiaIdeh> de- 
inactivated virus protein hydrogen peroxide mactivated virus protem, or egg 
albumin and the virus activity of the mixtures compared with that of active virus 
protein on both the above mentioned test plants by means of the half leaf method 
It may be seen from the results presented m Table I that a concentration of 10“* 
gm of mactiveprolemper cubic centimeter had little if any effect on activity meas 
urements when NicoUana gluUnosa was used, but that the effect was appreaable 


TABLE I 

Effect of Different Conceniraltons of Various Inactive Proteins on the Activity of 
Tobacco ifosatc Virus Protein 


laftctive protein used 

CoDceotn 
UoB (gm 
protelit/ec.) 
o( mUtuieo 

NtcoUana ({utinors 

PKast^us tultaHt 

Ko 

of 

half 

leave 

1 LciioDS 

A/B 

X 

loot 

No 

ol 

half 

leave 

1 Lcalcmi 

C/D 

X 

loot 

Ac 

tiV« 

luc 

ti7« 

A 

Mix 

lure 

B 

Con 

tre\ 

C 

Ua 

tote 

D 

Con 

trol 

Fonnolized virus protein 

10-* ' 

10-^ 

27 1 

371 

737 

so 5 

33 

337 

1049 

31 8 


10-* 

lO”* 

31 1 

917 

1090 

83 8' 

27 

637 

876 

72 7 


10-*' 

10-* 

33 1 

579 1 

929 

62 s' 






10-* 

10-*' 

30 

529 1 

SOl' 

105 6' 

35 1 

529 

76S 

69 1 


10-* 

10-* 

34 

900 

892 

100 9 

24 

342 

402! 

82 5 

HjOrinacUvated virus 

lo-* 

10-* 

29 

207 

543 

38 1 

32 

79 

566 

13 9 

protein 

io-« 

10-* 




1 

. 22 

, 211 

577 

36 5 

* 

lo-* 

10-* 

24 

153 

597 

2S6 

38 

460 

3345 

13 8 

Egg albunun 

io-» 

10-^ 

27 

1 807 

H94 

W 7 

32 

' 248 

1018 

24 5 


io-» 

10-* 

27 

1 894 

1352 

1 66 3 

32 

558 

1805 

30 8 

‘ 


10-» 

31 

1 547 

893 

61 3 

41 

2655 

7392 

35 9 


* All controls contamed 10“^ gm active protem per cubic centimeter 
t The figures in this column are regarded as a measure of the relative activities 
of the mixtures when tested on the host mdicated 


with Phaseolus vulgans The fonnohzed virus protein caused a smaller reduction 
m activity than did hydrogen peroxide mactivated virus protein and had about 
the same or a shghtly greater effect than egg albumin Regardless of whether the 
action of the mactive protem was an effect on the plant (13 14), an effect on the 
virus or a mechanical effect, it is evident that this production of a mildly toxic 
protem cannot account for the failure of fonnolized tobacco mosaic virus protem 
to exhibit virus activity and also that the effect of mactiv e protem on virus activity 
can be measured and a correction factor determmed 

In the experiments to be reported the activity of a given preparation was 
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REACTWATION OF FOKMOLIZED ^^RTJS PROTEIN 


determined bj inoculating agamst a control contaimng 10~® or 10"® gm of active 
iirus protem per cubic centimeter and the results mterpreted on the assumption 
that o\ er the range used the number of lesions is proportional to the virus concen- 
tration That such a proportionahtj exists o\ er the range of 10~® to 10"® gm /cc 
has been shown b)' sei eral mvesbgators (15, 16) It was necessari to mtroduce 
a correction factor when preparations contaimng large amounts of mactii e protem 
were used This factor was obtamed from data such as those presented m Table I 
and m Fig 1 Cun^e A of Fig 1, a dilution curve of one of the preparations used, 



Fig 1 The effect of formaldeh> de-mactivated \Trus protem on the activitj' of 
tobacco mosaic nrus protem 


was obtamed bj comparmg the number of lesions given bj different amounts of 
acti\ e lurus protem with the number given bi’- a control contaimng 10"® gm of 
active protem per cubic centimeter when moculated to Ntcohana ghtlnwsa usmg 
the half-leaf method The number of lesions obtamed m each case is expressed 
as per cent of those caused by the control The figure shows that such a curve 
IS not far from a straight hne of slope 1 and that the error mtroduced m assummg 
that such IS the case is not great The other two curv^es were obtamed m the same 
manner, except that defimte amounts of completel> mactive formohzed virus 
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protein were added to each moculum (but not to the controls) As may be seen 
from Fig 1, a concentration of 10~* gm of inactive protein per cubic centimeter 
had but slight effect on the dilution curve of active virus In many preparations 
this amount had no measurable effect on the virus activity A concentration of 
10“^ gra of inactive protein per cubic centimeter caused a constant percentage 
reduction of about SO per cent m the number of lesions that was obtamed Other 
preparations gave similar curves Therefore, with preparations containing 10'* 
gm of inactive protem per cubic centimeter no correction was made, while with 
those contammg 10” gm /cc. the figures for apparent activity were multiphed 
by a factor of 2 In most experiments involving the comparison of different 
samples, an attempt v, as made to dilute the samples so that appro-umately the 
same portions of the curves were used 

Inactivation — Unless otherwise stated, inactivation w’as allowed to proceed 
at room temperature in mixtures of approximately 2 per cent protein and 2 per cent 
formaldehyde in ir/10 phosphate buffer at pH 7 Immediately after mixing the 
reactants a sample of the mixture was removed, diluted to 10"® or 10“* gm of 
protem per cubic centimeter, and inoculated agamst a control of the same concen 
tration At intervals samples were removed for immediate dilution and mocula 
tion and for dialysis against fiowing cold distilled water for 6 hours m a ICumtZ' 
Simms ^ockmg type apparatus (17) to stop the reaction by removal of free formal 
deh>de After dial>sis the samples were analyzed for mtrogen and diluted to 
suitable concentrations for inoculation against controls consisting of 10"* or 10"* 
gra of the original active virus protem per cubic centimeter Data on rate of 
inactivation are given m Tables II and IH The latter table presents the data 
obtained in an experiment m which dupbeate samples were used and is included 
as an illustration of the uniformity of results that ma> be expected under the 
conditions of the experunent It may be seen that m view of the accurac> of 
activity determmations (12) and of other factors the results agree quite well 
Dunng the first 12 to 18 hours m whidi over 99 per cent of the protem is mac 
tivated, the rate of inactivation follows roughly that of a monomolecular reaction 
However, a much greater length of time is required for complete inactivation 
than would be predicted on such a basis For this and other reasons it is not 
imphed that the reaction is monomolecular, and the expression is used merely to 
describe the general shape of the inactivation curve There are not suffiaent 
data at hand to permit a determination of the exact type of the reacuon 

Although It was found that dialysis removed the excess formalde 
Hyde quite rapidly from the reaction mixture, it appeared desirable 
to detenmne whether or not the dialyzed preparations that were used 
for inoculation contained suffiaent quantities of free formaldehyde to 
affect their activities Tests on ie dialysates showed that after 
SH hours of dialysis agamst cold distilled water, the solutions con 
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lUJACTIVATION OF FORMOLIZED VIRUS PROTEIN 


TABLE n 


J?a^e of Inacttvahon of Tobacco Mosaic Virus Protein {1 86 Per Cent) by Z Per Cent 
Formaldehyde at pH 7 0 and at Room Temperature 


Experi- 

ment 

Tune 

No o! 
half- 
leaves 

Concentration at 
which inoculated (gm 
protem/cc ) 

Lesions 

Activity 

remaining 

Sample 

Control 

A 

Sample 

B 

Control 

A/B X 
100* 


hrs 







per cent 


Of 

27 

10“® 

io-« 

326 

328 

100 

100 


6t 

28 

10-5 

10-5 

599 

497 

120 7 

12 


12t 

14 

10-* 

10-5 

419 

385 

108 8 

1 


24:t 

32 

10-5 

10-5 

108 

248 

43 6 

0 04 

4t 

48t 

40 

10-5 


22 





48 

38 

10-5 


60 





72 

42 

10-5 


12 





96 

40 

10-5 


3 





192 

38 

10-5 





0 0 


ot 

13 

10-* 

10-5 

183 

211 

87 

87 


6t 

14 

10-< 

10-5 

127 

218 

58 

6 


6 

25 

2 X 10-< 

105 

406 

477 

85 

4 

C 

12t 

28 

10-‘ 

10-5 

47 

58 

81 

0 8 

0 

12 

27 

2 X 10-< 

10-5 

628 

541 

116 

0 6 


24t 

30 

10-5 

10-5 

34 

112 

30 

0 03 


24 

28 

5 X 10-5 

10-5 

no 

267 

41 

0 01 


192 

26 

10-5 


0 



0 0 


S 

30 

10-* 

10-5 

1704 

741 

230 0 

23 


10 

28 

10-5 

10-5 

192 

548 

35 0 

0 35 


24 

30 

10-5 

10-5 

153 

948 

16 1 

0 03 

nx 

96 

30 

10-5 


6 





120 

34 

10-5 


2 





144 

30 

10-5 


0 



0 0 


168 

26 

105 


0 



0 0 


5 

33 

10-5 

5 X 105 

153 

499 

31 3 

15 


8 

32 

105 

5 X 10-5 

340 

479 

71 0 

3 5 

20t 

12 

34 

10-5 

5 X 10-5 

221 

489 

45 4 

0 23 

24 

34 

105 

5 X 10-5 

30 

463 

6 5 

0 006 


48 

34 

105 

10-5 

4 

230 

1 7 

0 0003 


* The figures in this column represent the relative activities of the samples 
when compared with the controls at the concentrations mdicated with Nicohona 


glutinosa as test plant 

t HCHO not removed from samples used for inoculation 
j Ultracentnfugally prepared virus protein used m these experunents 
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tamed less than 10~® gm of free formaldehyde per cubic centimeter 
That this amount was too small to affect the activity of the prep 
arations is evident from the data presented in Tables II and III, 
for many of the samples were used for inoculation without removal of 
the excess formaldehyde Samples removed immediately after mix 

TABLE m 


Ralt oj Inaclivalion of Tobacco Mosaic 1 irt« Proletn (/ S6 Per Cent) by 2 Per Cent 
Formaldehyde al pH 7 0 and at Room Temperature 


Hoars 

Sample 

Concentratioa 
(gm protdn/cc) 

No of 


Lesions 


Actintx 

Simple 

Control 

leaves 

C 

Sample 

D 

Control 

C/DX 

loot 



At 

10-* 

10-^ 

30 

1063 

919 

116 8 

Ptr cent 

117 


Et 

10-* 

io~< 

28 

1106 

1108 

99 8 

100 


At 

10-^ 

10~< 

29 

634 

1328 

51 5 

5 


Bt 

10-< 

10-* 

28 

821 

1136 

72 2 

7 


A 


10“* 

29 

776 

1170 

66 3 

7 


B 

10-* 

10"* 

29 

760 

983 

77 3 

8 


At 

10-* 

io-» 

28 

643 

lOSO 

59 3 

0 6 

12 

Bt 

10-* 

10-* 

29 

529 

1124 

47 1 

0 5 

A 

10’» 

10-* 

26 

474 

1162 

40 8 

0 4 


B 

10'* 

10-* 

29 

741 

1251 

59 2 

0 6 

24 

A 

10-^ 

10-* 

27 

360 

669 

53 8 

0 11 

B 

10“* 

10-» 

26 

284 

698 

40 7 

0 03 


* Samples A and B were prepared from the same virus preparation and were 
adjusted to the same protein, formaldehyde phosphate, and h> drogen ion con 
centrations 

t The figures m this column represent the relative activities of the samples 
when compared with the controls at the concentrations indicated with Nicotiana 
Zlultnosa as test plant 

X Excess formaldehyde not removed from samples used for moculation 

ing and containing 10"® gm free formaldehyde per cubic centimeter 
^\hen inoculated were fully as infectious as the corresponding controls 
contammg no formaldehyde Further mspcction of the tables reveals 
that solutions contammg higher concentrations of free formaldehyde 
were practically as active as corresponding samples from which form 
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REACmATION OF FORMOLIZED \TRUS PROTEIN 


TABLE n 


Rate of hwciivaiion of Tobacco Mosaic Virus Protein (i 86 Per Cent) by 2 Per Cent 
Formaldehyde at pH 7 0 and at Room Temperature 


Eipen- 

ment 

Time 

No of 
haU- 
1 eaves 

Concentration at 
which inoculated (gm 
protein/cc ) 

Lesions 

Activity 

rcznaming 

Sample 

Control 

A 

Sample 

B 

Control 

A/BX 

100* 


hrs 







per cent 


Of 

27 

io-« 

10-« 

326 

328 

100 

100 


6t 

28 

10-^ 

10-« 

599 

497 

120 7 

12 


12t 

14 

10-* 

10-* 

419 

385 

108 8 

1 


24t 

32 

10-^ 

10-« 

108 

248 

43 6 

0 04 


4St 

40 

10^ 


22 





48 

38 

10^ 


60 





72 

42 

10-= 


12 





96 

40 

10^ 


3 





192 

38 

10-* 


0 



0 0 


Of 

13 

10-5 

10"® 

183 

211 

87 

87 


6t 

14 

lO-^ 

10-s 

127 

218 

58 

6 


6 

25 

2 X 10-‘ 

10-® 

406 

477 

85 

4 

c 

12t 

28 

10-* 

10-« 

47 

58 

81 

0 8 

o 

12 

27 

2 X 10-* 

10-® 

628 

541 

116 

0 6 


24t 

30 

10'> 

10-* 

34 

112 

30 

0 03 


24 

28 

5 X 10-’ 

10-® 

110 

267 

41 

0 01 


192 

26 

10-^ 


0 



0 0 


5 

30 

10-* 

10-* 

1704 

741 

230 0 

23 


10 

28 

10-= 

10-® 

192 

548 

35 0 

0 35 


24 

30 

io-» 

10^ 

153 

948 

16 1 

0 03 

12t 

96 

30 

10-^ 


6 





120 

34 

10-! 


2 





144 

30 

10-= 


0 



0 0 


168 

26 

10-= 


0 



0 0 


5 

33 

10-* 

5 X 10-« 

153 

499 

31 3 

15 


8 

32 

10-* 

5 X lO-® 

340 

479 

71 0 

3 5 

201 

12 

34 

10-= 

5 X 10-* 

221 

489 

45 4 

0 23 


24 

34 

10-= 

5 X 10-« 

30 

463 

6 5 

0 006 


48 

34 

10-= 

io-« 

4 

230 

1 7 

0 0003 


* The figures m this column represent the relative activities of the samples 
when compared with the controls at the concentrations indicated with Nicohana 
glutinosa as test plant 

t HCHO not removed from samples used for moculation 
J Ultracentnfugally prepared virus protem used m these experiments 
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\’irus preparations rv ere subjected to the above treatment, their activity was either 
unchanged or decreased less than 20 pet cent 

It became apparent early in the investigation that the amount of 
reactivation obtainable was dependent to some degree upon the extent 
to -which inactivation had proceeded In Table IV are included the 
data on reactivation of preparations retaining approximately 10 per 
cent of their onginal activity In no case was the activity restored 
in full, but some reactivation was obtamed in all cases, although in 
certain instances the differences may not be significant The values 
given for the activity of the preparations are numbers calculated from 
the data and are regarded as a measure of the order of magnitude of 
the true activities In most cases the differences are too large and 
obtained too often to be accounted for by errors of the method It 
should be noted that Tables IV-VII record representative data on 
attempts at reactivation and do not give only the most favorable data 
The numbers m the last column of each of Tables IV-VI are the 
ratios of the activities of the reactivated samples to those of the corre 
spending samples before reactivation Each represents the number 
of times the activity of the designated sample was increased by 
the reactivation process 

Similar data on preparations possessmg about 1 per cent of their 
original activity are presented m Table V It may be seen that the 
results are more consistent and the differences obtained considerably 
larger A 10 fold increase in actmty was obtamed in most cases, 
although the actual amount of reactivation m terms of active protein 
“created” is less than was obtamed with some of the more active 
preparations Due to the fact that it is possible to inoculate at differ 
ent levels of protein concentration, it is as easy to distinguish between 
1 per cent and 2 per cent active preparations as it is to distinguish 
between SO per cent and 100 per cent active preparations An in- 
crease from about 1 per cent activity to 10 per cent activity is quite 
significant and indicates a marked increase m the actual activity of 
the virus preparation 

As may be seen from the results that are presented m Table VI, 
essentially the same degree of reactivation was obtained with virus 
protein preparations possessmg about 0 1 per cent of the ongmal 
activity In these experiments it was necessary to introduce a cor- 
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Reachvalion of Formohzed Tobacco Mosaic Virus Protein Preparations Possessing Approximately 10 Per Cent of the Original Activity 
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REACTIVATION OP PORMOLIZED VIRUS PROTEIN 
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5 iMrtJvatai by 5 per cent HCHO at pH d 0 



tahle VI 

Rcaclivahon of Fomoltzcd Tobacco Mosaic Virus Prolan Prcparahons Possessing A pproxtmalely 0 1 Per Cent of the Original Activity 
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*The figures m this column represent the relative activities of the samples when compared with the controls at the con- 
centrations indicated with Nicotuina glntinosa as test plant 

t Ultracentrifugally prepared virus protein used m these experiments 
t Duplicates 

§ Inactivated by I per cent IICIIO at pH 6 0 
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rection factor because of the effect of inactive protein on the lesion 
count While this may reduce the accuracy of the values obtained 
for the activities of such preparations, there can be little doubt that 
an increase in activity followed reactivation The differences can 
also be demonstrated by inoculating one side of the leaves of plants 
with a preparation before reactivation and the other side with the 
corresponding preparation after reactivation without further treat- 
ment or dilution 


TABLE vn 


Reactivalton of Inactive or Nearly Inactive Formolt ed Tobacco Mosaic Virus Protein 
Preparations 



Before ructlvatloa 

After reactlvatloa 


No of 
leaves 

Concralratlon 
(gm protem/ec ) 

Lcaion 
per leaf 

No of 
leavet 

Coocentratioa 
(gm protdn/cc ) 

Lesions 
per leaf 

5 

15 

l(n 

0 0 

15 

10-* 

0 0 

7b 

12 

0 7 X 10*^ 

0 2 

15 

0 7 X 10-» 

57 S 

7b 

IS 

0 7 X 10-> 

0 0 

14 

0 7 X 10-» 

16 1 

12a 

IS 

10-* 

0 4 

14 

io-» 

8 0 

12a 

14 

10-* 

0 0 

14 

io-» 

1 7 

12b 

15 

10-* 

0 0 

IS 

10** 

2 1 

12b 




14 

10-* 

0 21 

12c 

IS 

10-1 

0 0 

15 

10** 

0 47 

12c 




15 

10-* 

0 14 

20t 

13 

0 5 X 10-1 

0 4 

15 

0 5 X 10-^ 

4 0 


* Nicotiana glutinosa used as test plant 

t Ultracentnfugally prepared virus protein used in this experiment 


The activities of preparations less active than those already con 
sidered are difficult to measure accurately, but reactivation of such 
preparations can be demonstrated by inoculating whole leaves with 
the preparations before and after reactivation The results obtained 
are given in Table VII It was not found practicable to use higher 
concentrations than 10" gm protem per cubic centimeter Samples 
that retained some activity were invariably reactivated to an ap 
preaable extent, but, if the inactivation had proceeded too far, reacti- 
vation was not obtamed An intermediate point was found where 
preparations at 10~ gm /cc were inactive but were active following 
the reactivation process It seems probable, therefore, that two 
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simultaneous reactions occur, one reversible and the other irreversible 
The former reaction probably reaches an equilibrium, while the latter 
one contmues slowly, thus accounting for the long time required for 
complete inactivation It was hoped that by varying the conditions 
the irreversible reaction could be minimized or stopped or the revers- 
ible one favored, but so far little success has been attained following 
the use of different concentrations of reactants, of different pH values, 
or of different aldehydes 

An increase m concentration of formaldehyde caused an increase m 
rate of inactivation, while an increase in hydrogen ion concentration 
to pH 6 resulted in a decrease in the rate of reaction The results of 
attempts to reactivate samples that were inactivated under such 
conditions are included in Tables IV-VI It may be noted that 
essentially the same degree of reactivation was obtamed with such 
samples as was obtained in the other cases When partially inacti- 
vated protein solutions were allowed to stand at 3° for several months, 
their activity increased only shghtly If they were then dialyzed at 
pH 3 for 3 days, their activity increased approximately 10-fold or to 
about that which was obtainable if they had been reactivated soon 
after inactivation 

It is evident that the amount of reactivation that may be secured 
with formolized tobacco mosaic virus protein is many tunes greater 
than can be attributed to experimental error, to the toxic action of 
inactive protein, or to the removal of any remaining traces of form- 
aldehyde by the prolonged dialysis It seemed desirable, therefore, 
to attempt to correlate the inactivation and subsequent reactivation 
with changes in the protein molecule 

The Effect of Inachvahon and of ReacHvahon on Annno Groups — 
Formaldehyde-inactivated tobacco mosaic virus protein has been 
reported to contain only about 60 per cent of the ammo mtrogen 
(Van Slyke) of active protein (2) This result has been confirmed and 
m addition it has been found that partially inactivated virus proteins 
contain mtermediate amounts of amino nitrogen However, because 
of the small amount of ammo mtrogen, it was not possible to differ- 
entiate between the amino nitrogen contents of 1 per cent, 0 1 per 
cent, and 0 0 per cent active protein preparations It is, therefore, 
not surpnsing that no changes were detected when the samples were 



A FRAKk KOSS AND W II STANLEY 


179 


reachvated It is quite possible that part of the formaldehyde is 
removed by the acetic acid used in the Van Sljke ammo mtrogen 
procedure and the measurements that were made refer only to the 
protein irreversibly inactivated 

Since Dulifere (18) found that formohzed proteins did not react 
with ninhydrm at 37°, the possibihty of usmg this reagent to detect 
changes m ammo nitrogen was investigated The procedure to be 



described was found most satisfactory To 1 cc of a dialyzed virus 
solufaon (5 to 10 mg protem per cubic centimeter) m a 3 cc test tube 
were added 0 3 cc pyndine and 0 3 cc of a 2 per cent aqueous solution 
of nmhydnn The solutions were mixed, stoppered, placed m an 
mcubator at 37°C , and at the end of 20 hours they were dduted to 
25 cc , allowed to stand H hour, and then compared by means of a 
photoelectric colorimeter Fig 2 presents the results of an experiment 
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in which mixtures consisting of active and of completely inactive 
virus proteins in different proportions were adjusted to the same total 
protein concentration and tnphcate samples subjected to the above 
procedure It may be seen that, considenng the fact that the inactive 
protein gives some color, there is a good proportionality between the 
amount of color obtained and the proportion of active protein present 
There was some vanation in results, but changes in chromogemc 
power of 10 per cent were easily detectable when tnphcate samples 
were used Observations on the rate at which the samples developed 
perceptible amounts of color indicated that a given sample became 
colored in a shorter penod of time than one contaimng 10 per cent less 
active protein 

Since the mnhydnn test seemed to be useful as a method of deter- 
mimng changes in amino nitrogen, it was used to deterrmne the effect 
of inactivation and of reactivation on that grouping In most of the 
experiments in which this test was used, the preparations were dialyzed 
at pH 3 for several days before the experiments were started Par- 
tially inactivated preparations were then obtamed and a portion of 
each reactivated as descnbed above The controls that were used 
consisted of portions of the onginal active virus protein preparations 
that were given exactly the same treatment as the samples, except 
that formaldehyde was not added Triplicate samples were then 
treated with mnhydnn The results of one of the more uniform 
experiments are shown in Fig 3 The color obtained with a given 
sample is expressed as per cent of that given by the control Curve 
A represents the relative color mtensities developed by samples follow- 
ing exposure to formaldehyde for the indicated penods of time, dialysis, 
and treatment with ninhydrm as descnbed Completely mactive 
preparations gave a small amount of color after 20 hours of incubation 
Curve B represents the color intensity developed by the same samples 
after reactivation In this experiment there was an mcrease m chro- 
mogemc power apparently due to the reactivation process There was 
also a decrease m the chromogemc power of the control, and, if it can 
be assumed that the same change occurred in each sample, one may 
correct Curve B for such changes and thus obtain for the reactivated 
preparation Cun’-e C In the case of certain samples, dialysis at 
pH 3 for 3 days caused an increase in the color obtainable with the 
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controls In such instances there were usually still greater changes 
in the same direction in the samples, thus still indicatmg an increase 
in chromogenic power due to the reactivation process With but 
few exceptions, the above type of results was obtamed In\anably 



Fig 3 The effect of inactivation and of reactivation on the amount of color ob 
tamable with mnhydnn Protem concentration of 5 mg /cc 

a gradual reduction in the amount of a)lor obtainable with mnhydnn 
accompanied mactivation, but in a few cases, however, there was no 
indication of any increase due to reactivation 

Considered as a whole, the data indicate that the reactivation proc 
ess results m an mcrease in the number of groups that react with 
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mniiydrin, presumably the amino groups The vanation m behavior 
of the controls and the occasional occurrence of negative results detract 
from the significance of the data, but a simultaneous increase m the 
color developed with ninhydnn and in actmty occurred too consist- 
ently to be attributed to chance As there seems to be no quantita- 
tive relationship between the amount of reactivation and the increase 
of color with mnhydrm, the results can onl)'- be considered as evidence 
that the reactivation process results m an mcrease in the groups that 
react with nmh)’'dnn and that this is very probably due to the removal 
of formaldehyde from the amino groups 

Effect of Imchoatton and of Reachoalwn on the Groups that React with Fohn’s 
Reagent — ^It was found, that inactivation of the virus protein was accompamed 
by a decrease m the number of groups that reacted with Fohn’s phenol reagent 
The effect was most noticeable when the color was allowed to develop at pH 7 S 
to 8 0 The method used was essentially that of Herriott (19) except that sodium 
phosphate was used mstead of the potassium salt, thus permittmg the use of a 
stronger buffer without the formation of a precipitate In a 50 cc flask were 
placed 10 cc of HjO and 10 cc of alkaline phosphate buffer (m/2 NaoHPO^ + 
NaOH, pH 10) 3 cc of Folm’s phenol reagent (diluted 1 to 3) were then added, 

followed immediately by 0 5 cc of the dialyzed protem solution (5-10 mg /cc ) 
This sequence was followed so that the protem at no tune would be subjected to 
excessively alkahne or aad conditions, for denatured protems may give higher 
A'alues than native ones (20) The resultant reaction was at pH 7 7, varjong 
somewhat with the particular buffer or phenol reagent After standmg at room 
temperature for 3 hours the samples were compared by means of a photoelectnc 
colorimeter 

The same samples and controls that were used m the mnhydrm tests were also 
tested with Folm’s phenol reagent Results obtamed with the latter reagent were 
more consistent than those obtamed with mnhydrm In every case a decrease 
m the color obtamable with Fohn’s reagent accompamed mactivation, and m only 
one experiment was there no mdication of an mcrease m the number of groups 
that react with the reagent due to the reactivation process, and m that particular 
case ver}*^ httle reactivation was obtamed The reactivation process usually 
caused a decrease m the chromogemc power of the controls, yet m spite of this 
the reactivated samples practically always gave more color with the reagent than 
did the correspondmg samples before reactivation The results of a typical expen- 
ment are given m Fig 4 Curve A represents the color developed when samples 
exposed to formaldehyde for the mdicated penods of time were dialyzed and then 
tested with Folm’s reagent Curve B represents the color developed by the same 
samples after reactivation and is based on the same control WTien the data are 
corrected for the effect of dial 3 'sis on the control. Curve C is obtamed 
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The consistency with which the above type of results was obtained 
indicates that formaldehyde reacts with some group or groups present 
on the protem molecule that also react with Folm’s reagent and that 
the reaction is partially reversible As far as it is known, the only 



Flo 4 The effect of inactivation and of reacUvation on the amount of color 
obtamable with Fohn’s phenol reagent at pH 7 7 

groups m protems that react with that reagent are the phenolic groups 
of tyrosine (21), the indole nuclei of tryptophane (22), and sulfhydryl 
groups (23) Tobacco mosaic virus protein contains no sulfhydryl 
groups, but docs contain appreciable quantities of the other two tjqies 
of groupmgs It, therefore, seemed desirable to detennme the effect 
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of formaldehyde on the latter types when present in simple com- 
pounds Solutions of 0 0025 m tryptophane, tyrosine, glycyltyrosine, 
glycyltryptophane, and indole propionic acid were treated with 2 



Fig 5 The effect of 2 per cent HCHO on certain indole denvatives at pH 7 
The curves represent the relative amounts of color developed with Fohn’s phenol 
reagent at pH 7 7 

per cent formaldehyde in the presence of m/10 phosphate buffer at 
pH 7 At intervals samples were removed and tested with Folm’s 
reagent, as already described As formaldehyde gave no color with 
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the reagent, tests were made in the presence of the excess aldehyde 
As may be seen from Tig S tyrosme did not react and glycyltyrosine 
gave only a small immediate reaction, but in the case of the compounds 
containing the indole nucleus there was an immediate reaction, espe 
aally in the case of the peptide, followed by a gradual decrease in the 
amount of color obtamable with the reagent In the case of trvpto 
phane a crystalhne preapitate was formed This is probably 3, 4, 
5, 6 tetrahydro-4 carbohne 5 carbonic aad, for Wadsworth and 
Pangbom (5) obtained such a compound under essentially similar 
conditions When the crystalline compound was removed and 
washed, it gave some color mth Folin’s reagent at pH 7 7 but only a 
fraction of that obtainable with tryptophane itself It will be seen 
from Fig 4 that no immediate reaction between formaldehyde and the 
virus protein is recorded However, it is possible that such a reaction 
may actually have occurred, smee the data for the virus protein were 
obtained using dialyzed samples, hence it was impossible to obtain 
a sample representing zero time for the reaction cannot be stopped 
instantaneously by dialvsis In experiments with the virus protein 
in which determinations were made without removal of the excess 
formaldehyde, there was an immediate decrease of about IS per cent 
in the amount of color given with Folm’s reagent at pH 7 7 At other 
points along the curve practically the same amount of color w as ob 
tamed with a given sample, regardless of whether the formaldehyde 
was present or removed by dialysis In view of the above results, 
it seems quite probable that the data obtained with the virus protein 
are due at least in part to the reaction of formaldehyde with the mdole 
nuclei of the protein 

Other Reactive Groups — Other groups on the protein molecule that 
might react with formaldehyde are the imidazole nng of histidine (24) 
and the guanidine nucleus of argimne (25) Unpubhshed results 
obtained in this laboratory indicate that histidine is either absent or 
occurs in only small amounts in hydrolysates of the virus protein 
Furthermore, quahtative tests for histidme on the intact protein 
molecule ga\e negative results It was not deemed necessary, there 
fore, to study at this time the possible effect of formaldehy de on the 
imidazole nng The virus protein was found to give a strong Saha- 
guchi test for argimne (26) and this test was not dimmished by form 
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aldeh 3 '^de treatment The test was earned out at a fairly strong 
alkaline reaction, and it may be that under such conditions formalde- 
hyde was removed, although Eaton (25) found that when diphthena 
toxin was treated with formaldehyde the Sakaguchi test was dimin- 
ished Nothmg IS known concermng the action of formaldehyde on 
the virus nucleic acid However, it is quite probable that nucleic 
aad IS not concerned m the chenucal changes that have been measured 
The mrus nucleic aad reacts slowly with nitrous acid and, under the 
conditions used, the gas given off by it in the Van Slyke detemnna- 
tions would not be measurable The virus nucleic acid gave only a 
trace of color with Fohn’s reagent at pH 7 7 and could not account for 
over 1 per cent of that given by the protein Addition of nucleic 
aad to fonnohzed virus protein did not affect the color obtainable 
with ninhydnn 

The Action of Other Aldehydes — ^The fact that formaldehyde reacts 
reversibly vnth more than one grouping of the virus protein molecule 
renders it difficult to determine the specific reaction causmg loss of 
virus activit}'’ The action of other aldehydes on the virus protem 
was investigated, m view of the possibihty that some of them rmght 
give but one t}'pe of reaction Acetaldehyde, propionaldehyde, and 
but 3 Taldeh)^de gave essentiall 3 '’ the same quahtative results as did 
formaldeh 3 ffie Each caused a simultaneous decrease in virus activit 3 '’, 
in groups that react with mnh 3 ffinn, and m groups that react with 
Fohn's phenol reagent Reactivation was obtained in each case, 
although m general it was somewhat less than that obtamed with 
foimohzed mrus protein There was also less indication of chemical 
changes accompan 3 aag reactivation Benzaldehyde caused a gradual 
reduction in activity, but there were either no accompan 3 Tng changes 
in the number of ammo or other groups or such changes were qmte 
gmall Samples of virus protein that were partially inactivated by 
benzaldehyde were reactivated to about half the extent of those that 
were inactivated b 3 ’’ formaldehyde Vffien a solution of the virus 
protem was treated with furfural, an msoluble precipitate was formed 
Considerable protem remained m solution, but such solutions were 
quite opalescent They possessed about 2 per cent of their onginal 
acti\uty and gave less color with Fohn’s reagent or with mnhydnn 
than did the onginal active virus protem Dialysis at pH 3 for 3 da 3 '^s 
caused about a 10-fold mcrease in actiaty m most preparations 
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MSCnSSION 

The reactivabon of fonnoUzed virus differs from that which has 
been secured following inactivation by safranine (27, 28) or with the 
salts of heavy metals (29, 30), for in the latter instances the complexes 
are msoluble and the possibihty that they are non infectious because 
of toxiaty has not been excluded The fact that purified protems 
were used and that tests were made in the absence of excess macbvat- 
ing agent also distmgmshes it from the reactivations reported by 
Zinsser and Seastone (31), Perdrau (32), and Schultz and Gebhardt 
(7) The results from tests with impure preparations could possibly 
be due to reacbons m which the impunbes play an important r61e 
Tests for acbvity in which the excess inacbvabng agent has not been 
removed are open to question until it has been shown defimtely that 
the agent has no effect on the susceptibibty of the host It is pos 
sible that an unpunty present m very small amounts rmght account 
for the results obtained with the reactivabon of formobzed vitus, but 
It seems quite unlikely m view of the constancy of the results, regard 
less of the method of purification used Reactivabon or recovery of 
spores or bacteria that have been attenuated with the salts of heavy 
metals (33-35) or with heat (36) have been reported, but in such 
cases no correlation has yet been estabhshed between chemical changes 
and changes m biological acbvity such as those described m this 
paper It seems likely that m the case of microorgamsms attenuation 
IS due at least in part to an mjurj that the cell itself is able to overcome 
or to one that the cell can survive provided the poison is removed 
withm a certain penod of time In the present experiments, however, 
there is no evidence of an “injury” to the virus due to formaldehyde 
that the virus itself can overcome The introduction of the acbve 
virus remaimng in partially inacbvated preparations or of the virus 
in reacbvated preparabons mto a host results in the production of 
active virus in a manner and at a rate that is indistinguishable from 
that followmg the introducbon of ordmary virus Furthermore, 
evidence has been presented that the formaldehyde can remam in 
combinabon with the virus protem for long periods of time without 
dimmishing its ability to be reactivated On the other hand, Gegen 
bauer (33) found that bacteria attenuated with HgCU could not be 
recovered by chemical treatment if they were allowed to remain in 
the dormant state for too long a penod of time The data reported 



188 


KEACTWATION OF FOEilOLIZED FROIEIN 


here are not regarded as evidence that the %nrus is either non-h^^ng or 
h\mg but solely as evidence that virus activity is dependent upon a 
certain chemical structure that is found m the mrus protem molecule 

The data presented mdicate that the mactivation of tobacco mosaic 
^•lrus protem b}* formaldehyde is due to a blocking of active groups 
or at least to a destruction of a part of the structure essential for 
virus acti\at 3 '^ The chemical reactions takmg place may be qmte 
complex In vieiv of the partial reversibiht)’’ of the reaction, it ap- 
pears qmte hkety that the formaldeh 3 '’de combmes with the protem 
If mactivation were the result of a reduction, an oxidation, or a cleav- 
age due to the formaldehyde, it seems qmte unlikely that dialysis 
would brmg about a reversal of the reaction That formaldehyde is 
actually bound to the protem is mdicated b}’^ the fact that the formol- 
ized proteins give a very strong Rosenheim-Acree test upon the 
addition of H 2 SO 4 and an oxidizmg agent It is possible, however, 
that the irreversible part of the reaction is due to one of the other 
types of reactions 

The similarities between the reactions occurrmg when the ^n^us 
protem is treated with formaldehyde and those takmg place between 
certam ammo aads and formaldehyde imder the same conditions 
are probabl}’’ not without significance It was shown that the mdole 
nucleus, even though substituted m a vanety of ways, reacted with 
formaldehyde under the conditions used, and it is reasonable to assume 
that it reacts with fonnaldeh^’^de when present m a protem molecule 

The changes that occur m amino mtrogen m the reaction between 
formaldehyde and %urus protem are similar m man)’’ respects to those 
that occur m reactions between formaldehyde and ammo aads or 
other protems In the weU known formol titration, eqmhbnum is 
reached quite rapidly, hence the reaction must differ from that causmg 
inactivation of the virus, although of course the reaction may occm 
and be readily reversed m the plant If amino aads or protems are 
allowed to react vrith formaldeh)’’de for several days, a gradual decrease 
of amino nitrogen (Van Sl)^ke) occurs (4) The rate vanes with the 
ammo aad used, as does also the total amount reactmg It has been 
sho’wn by Wadsworth and Pangbom (5) that this reaction with for- 
maldeh 5 ’'de is partial!)’’ reversible and that the reversibihty decreases 
as the reaction between the ammo aad and formaldehyde proceeds 



A rKANK ROSS AND W M STANLEY 


189 


On the basis of their results, they suggested that there are at least 
three stages m the combination of formaldehyde with amino groups 
(1) a loosely assoaated molecular compound, (2) a labile chemical 
compound, possibly a methylene or hydroxymethyl derivative, and 
(3) a stable compound, probably formed by further reaction or rear 
rangement of the labile compound Stages (1) and (2) were con- 
sidered to be reversible, whereas stage (3) was not This sequence of 
reactions serves to explain the present data very well Thus, the 
results on the inactivation and the reactivation and the accompanymg 
chemical changes could be explained by known chemical reactions 
It IS not possible at present to identify the specific reaction that causes 
the change m activity, but smce these two reactions are associated so 
closely with the change in activity it seems quite likely that one or the 
other (or perhaps both) is responsible It is concluded, therefore, 
that either the indole nuclei, ammo groups, or both are part of the 
structure necessary for virus activity 

SDUUARY 

A marked reactivation of tobacco mosaic virus protem that has 
been partially or completely inactivated by formaldehyde was oh 
tamed by dialysis at pH 3 The activity of partially mactivated 
virus proteins was generally mcreased about 10 fold by the reactiva- 
tion process It was also found possible to reactivate completely 
mactive preparations to an appreciable extent It was shown that the 
inactivation and the subsequent reactivation cannot be explamed by 
the toxiaty of the formaldehyde or of the formohzed protem or by 
aggregation 

Inactivation was accompanied by a decrease in ammo groups as 
mdicated by Van Slyke gasometnc determinations and by colon 
metric estimations using mnhjdnn Inactivation also causes a de 
crease in the number of groups that react with Fohn’s reagent at 
pH 7 7 The latter are probably the indole nuclei of tryptophane, 
for it was demonstrated that tryptophane, glycyltryptophane, and 
indole propiomc acid react with formaldehyde in a similar manner, 
while t> rosine and glycyltyrosme do not Evidence that reactivation 
IS accompamed by an mcrease in anuno nitrogen and m groups that 
react with Fohn’s reagent was obtained by colorimetric estimation 
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The demonstration that the addition of formaldehyde to the virus 
protein results in a simultaneous decrease of activity, of ammo groups, 
and of groups that react with Fohn’s phenol reagent, and that under 
conditions favorable for the removal of formaldehyde the virus activity 
IS regained and the number of such groups increases, indicates that 
certain of these groups play at least a partial role m the structure 
necessary for virus activity These changes can best be interpreted 
on the basis of known chemical reactions and are considered as evi- 
dence that virus activity is a specific property of the protein 
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Work from this laboratory has shown that a number of the stnated 
muscles of the legs of the crasrfish show a typical motor mnervation 
(1) Such muscles are mnervated by two motor fibers only, each 
causing a different type of contraction One of these, resultmg from 
stimulation of the thicker fiber, is termed the “fast” contraction, 
while the other is called the “slow ’’ Both anatomical evidence and 
physiological experiments indicate that each muscle fiber is innervated 
by these two axons and that both contracbons occur in the same 
muscle fibers (2, 3) 

The most striking difference between the two contractions is found 
m the adductor muscle of the chehped of the crayfish In this case, 
a single impulse in the thicker motor fiber causes a twitch like con 
traction, and the system behaves m almost aU respects as does a smgle 
motor umt of a vertebrate muscle smgle shocks of different strengths 
give twitches of a considerable strength and a constant height, and 
dunng tetanic contraction the acbon currents are all of the same 
magmtude In contrast to this, single shocks given to the thmner 
fiber produce no visible response m the muscle, but faradic stimulation 
causes action currents which grow m height and a contracbon with a 
long latent period The action currents in this case are always much 
smaller than those of the fast contraction 

The chemical changes occurring in the adductor muscle of the 
chehped of the crayfish Cambanis clarkti during these two types of 
contraction were investigated in order to obtam evidence on two 
possible mechanisms by which the two contractions might occur in 
the same muscle fiber In the first place, two contractile substances 
193 
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might be present, a ‘'phasic” and a “tome” one, analogous to those 
supposed by Botazzi (4) m the vertebrate striated muscle, or the 
same substance might contract in both cases, the difference between 
the contractions being due solely to differences m the transmission 
mechanism between the nerve impulse and the contractile substance 

Methods were devised for the rapid removal of the stimulated 
chehped to liquid air and for the analysis of the frozen muscle tissue 
The changes in phosphate and in lactic acid content were used as 
indices of the chemical changes occurring 

Methods 

Animals with paired normal chehpeds were used in this work The 
chehpeds were cut from the animal at the ischiopodite and kept in 
the physiological solution described by van Harreveld (5) One 
chehped served as a control for the experimental treatment of the 
other 

The motor nerve fiber giving the slow contraction, or that giving rise to the 
fast, was prepared in the meropodite m the manner described by van Harreveld 
and Wiersma (1) All of the motor and inhibitor fibers going to the other muscles 
m the chehped were cut, as well as the unwanted motor fiber to the adductor 
muscle Usually a small sensory bundle was kept mtact to strengthen the bridge 
between the two thicker parts of the nerve bundle The stimulatmg electrodes 
were always placed on the thicker proximal part of the nerve bundle in the mero- 
podite 

Smee it is impossible in preparmg the fiber to avoid stimulation altogether, a 
rest penod of between 45 and 120 mmutes was allowed between the conclusion of 
preparation and the beginning of an expenment The prepared chehped was 
then fastened upon a wooden block fitted with flexible silver wire stimulating 
electrodes and with a rod for mountmg upon a heavy support stand The dacty- 
lopodite was tied to an isometric lever attached to the same stand The electrodes 
were connected by flexible leads to a thyratron stimulator givmg rectangular 
shocks of 0 5or duration at various determmed frequenaes The mechanical 
effect of the contraction resulting from the stimulus was recorded, and then the 
chehped, still mounted on the block, was plunged into liquid air Stunulation 
was contmued during the period of removal to liquid air, this time (1-3 seconds) 
bemg mcluded m the total time of stimulation The control chehped was also 
frozen at about the same time 

The frozen chehped was opened, and the tissue of the adductor muscle was 
separated out (free of chitin and tendon) and dropped mto liquid air The tissue 
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fragments, together with a small amount of liquid air, were placed mto the barrel 
of a small crusher, a greatly sunphfied form of that descnbed by Graeser, Ginsberg 
and Fnedemann (6) It is essential to keep the tissue fragments and the pellets 
obtamed b> crushing constantly cooled with liquid air smce it was found that 
any thawmg produces irregularities in the resting values between the muscles of 
paired, unstimulated chehpeds 

Phosphate Determination 

A method for the removal of proteins with 25 per cent tnchloracetic 
acid was developed, and the molybdate stannous chlonde method of 
K.uttner and Cohen (7) was used for the determination of phosphate 
m the deproteinized solution The values are reported as milligrams 
per cent of phosphorus 

The frozen muscle pellet (300-500 mg ) is rapidly weighed on a torsion balance 
and dropped mto 5 0 ml of ice cold 25 per cent tnchloracetic acid The flask is 
stoppered and vigorously shaken for 15 seconds, and then ice cold water is added 
to make a total dduuon to 25 0 ml , allowance bemg made for 80 per cent water 
content of the tissue The diluted nuxture is well shaken and set aside m an ice 
bath Within 6 to 10 minutes aliquots are taken for colonmetnc analysis A 
red filter (Eastman Wratten filter 25A) is used m the colonmeter to avoid errors 
arising from the slight difference m color between standard and unknown 

It was found that, due to some property of the muscle protems, 
the ordinary concentrations of 5 per cent or 10 per cent tnchloracetic 
aad failed to give complete preapitation, a flocculent preapitate 
appeanng m the final color mixtures When the pellets were shaken 
with 25 per cent tnchloracetic aad, however, the final colored solutions 
were dear Before the colonmetnc determination, the mixture 
had to be diluted to only 5 per cent tnchloracetic aad m order to 
avoid interference in the color development The use of ice cold 
water was found to mmimize the effect of hydrolysis of phosphagen 
and so to eliminate the necessity of an extrapolation to a zero time 
value No catalysis of the hydrolysis of the phosphagen by aad- 
molybdate was observed 

Analyses earned through the complete procedure gave an a\ erage 
recovery of 99 per cent of added phosphate The method of protem 
preapitation descnbed has also been found smtable for dealing with 
Astacus trowbndgii and with Pagtirtts ochoieiisis 
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Lactic Acid Determination 

The protein precipitation procedure used was the modification of 
the zinc hydroxide method of Somogyi described by Graeser, Ginsberg, 
and Friedemann (6), with the exception that, since no sugar deter- 
minations were made, glucose was not added to the zinc sulfate-sul- 
func acid solution For the removal of bisulfite binding substances 
the copper-lime precipitation was used 

For the determination of lactic acid m the copper-lime filtrate 
a modification of the direct distillation procedure of Friedemann and 
Graeser (8) was made Following the work of Avery, Kerr, and 
Gbantus (9), reduced volumes of sample and of reagents were used 
The distillation apparatus was modelled after the micro-distillation 
apparatus of Lehnartz (10) The manganous sulfate-sulfunc aad 
reagent of Friedemann and Graeser was found to be as effective for 
the conditions adopted as the stronger reagent of Avery, Kerr, and 
Ghantus, and potassium permanganate was found satisfactory as the 
oxidizing agent 

An average recovery of 96 per cent was obtamed with known 
lactic acid solutions carried through the entire procedure 

RESULTS 

Examination of Possible Interfering Factors 

The suitability of the use of one chehped to obtain the restmg 
value for the other was investigated In Table I are summarized the 
results of a number of experiments made to compare the restmg value 
levels of phosphate and of lactic acid m the adductor muscles of paired 
unstimulated chelipeds The difference between the chehpeds of 
one animal is small, so it is clear that one chehped may be used as the 
control for the other 

There are several possibihties of production of phosphate and of 
lactic acid from stimuli other than those controlled in an experiment 
The factors considered have been preparation of the nerve, rest m 
physiological solution, and the freezing of the chehped in liquid air 
The most important of these, m view of the uns 3 mmetrical stimulation 
involved, is the preparation of the nerve bundle 
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A senes of expenments were performed m which the nerve bundle 
of one of a pair of chehpeds was given the maximum stimulation 
encountered in preparation Both were then allowed to rest for the 
usual time, frozen, and analyzed The same differences were foimd 

TABLE 1 


Diference tn Phosphonu and Lactic Acid Values heliceen the Adduclor Muscles of 
Paired, Unstimulaied Chehpeds 


Aoaljrsu (or 

1 Phoipbonu 

1 L&ctic edd 

MiUifTins pet cent found In 

Left 

mutdc 

Right 

muscle 

Diffetcnet 

Left 

muscle 



Values found 

51 

57 

±6 

19 

26 

±7 


49 

54 

5 

26 

18 

8 


40 

39 

1 

34 

29 

5 


S3 

52 

1 

17 

14 

3 


55 

53 

2 

19 

20 

1 


47 

45 

2 

28 

30 

2 


51 ' 

49 

2 

25 

30 ' 

5 


55 

49 

6 

28 

25 

3 


51 

48 

3 

14 

15 

1 


44 

46 

2 

14 

20 

6 


47 

44 

3 

17 

22 

5 


€0 

56 

4 

20 

22 

2 


58 

60 

2 





51 

51 

0 





60 

58 

2 





59 

59 

0 





44 

48 

4 





51 

53 

2 





48 

1 53 

5 




Mean value 

51 1 

1 2 


■ 

1 21 8 
± 

1 9 

22 2 
d: 

1 5 


No of values 


12 


as are recorded m Table I for paired imstimulated chehpeds, therefore, 
the phosphate or lactic aad formed has disappeared on resting 

In a senes of experiments m which one chehped was dropped into hquid air 
immediately upon cutting from the animal, with the other being allowed to stand 
m physiological solution for penods up to 2 hours there was foxmd only a small 
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increase m phosphate and lactic aad in the latter This amount is withm the 
limits of variation noted for the restmg values between paired unstimulated 
chehpeds 

It was observed that an unstimulated chehped would sometimes have the 
dactylopodite m the closed position after bquid air treatment and sometimes not 
(the stimulated chelipeds were always closed) For many of the experiments 
on control values (Table I), a record was kept of this position of the dactylopodite 
No correlation with the analytical results was found, and it was concluded that 
if the closmg of an unstimulated chehped is indicative of a real contraction, this 
contraction adds no measurable amount to the production of phosphate or of 
lactic acid It is more likely that the closed position is indicative of some me- 
chamcal effect of freezmg Although Meyerhof and Lohmann (11) are of the 
opimon that freezmg of the tissue causes a large breakdown of the phosphagen, 
the present work shows either that such an effect does not enter or that it is small 
and so uniform as not to enter mto the present considerations It may be that 
some thawmg occurred in the work of Meyerhof and Lohmann, a condition con- 
ducive to high results 

Shmulahon of the Isolated Motor Axons at Determined Frequencies 

It IS of speaal importance to note that at stimulation frequenaes 
of 50 shocks per second for the fast contraction and at 200 for the slow, 
the resultmg contractions are very much alike The maximum ten- 
sions developed m different preparations are m the mam very similar 
and are reached withm 2 seconds, and both kmds of contractions have 
a similar fatigue This is in accord with the findmgs of Wiersma and 
van Harreveld (3), who obtained evidence that m one chehped these 
two contractions are almost identical m strength and m speed In 
contrast to this, the slow contraction at 50 shocks per second shows 
a much more gradual rise in tension before the maximum is reached 
(about 15 seconds), and the maximum tension, though of the same 
order, is on the whole less A few attempts were made to investigate 
the fast contractions ansmg at a stimulation frequency of 200 per 
second, but the very quick drop in tension after the maximum had 
been reached made impracticable their use for this investigation 

In Table II are summanzed the results of the stimulation expen- 
ments The stnng to the lever was cut as soon as the contraction 
began to drop from the maximum In the case of the slow contrac- 
tions obtamed by stimulation at a frequency of 50 shocks per second, 
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fatigue IS very much postponed, and it was possible to contmue these 
for much longer periods than the fast at 50 or the slow at 200 shocks 
per second It will be seen from the table that although the slow 
contraction at 50 shocks per second was of much longer duration, no 
significant increase in the amount of phosphate, and only a small 
increase of the lactic aad, was found The mcreases in the amount of 
phosphate dunng contractions arising from stimulation of the fast 
system at 50 per second and of the slow at 200 for the same period 
were closely alike, both showmg the same very definite rise above the 
base level The lactic aad formation was also defimtely larger than 
in the slow at 50 per second, but there was a difference which may be 
significant m that the slow at 200 seems to form less than the fast at 
50 per second 

It IS to be seen that practically all of the contractions of the fast 
at 50 and of the slow at 200 per second done for the lactic aad measure- 
ments are of a duration of less than 15 seconds These expenments 
were performed at another time of the year than those on phosphate, 
and all preparations showed at this time a quicker fatigue A similar 
difference is present in the slow contractions at 50 per second in the 
lactic aad determinations, the average duration of contraction is 
30 seconds, whereas the mean value for the phosphate determinations 
IS 80 seconds 

No way could be found of correlating the tensions produced in the 
contractions of the muscles of the different animals with the chemical 
changes found The nature of the attachment of the adductor muscle 
to the chitin and to the tendon makes extremely difficult a complete 
isolation of the liquid air frozen muscle Thus the estimation of any 
value for the size of the muscle, a factor of great importance with 
regard to the total tension developed, was not possible 

A factor which is not clear from the tables presented is the relation 
between phosphate and lactic aad and the stimulation time In 
order to show that such a relation is indeed present under our expen 
mental conditions, the chermcal changes after a determined number of 
twitches were measured No preparation of the nerve fibers was 
necessary in these experiments (although earned out m a number of 
cases), since stimulation of the slow fiber at these frequenaes has 
hardly any effect mechanically and (as is evident from the determina- 
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TABLE n 

Formation of Phosphate and of Lactic Acid during Slow and Fast Contractions 


Preparation 


Analysis for 


Fiber 

Frequency 
of stimu- 
lation 
(shocks 
per 

second) 

Phosphate (as phosphorus) 

Lactic acid 

Stimu- 

lation 

time 

Milligrams per cent found in 

Stimu- 
lation 
' time 

Milligrams per cent found in 

Control 

muscle 

Stim 

muscle 

Differ- 

ence 

Control 

muscle 

Stun 

muscle 

Differ- 

ence 



sec 




sec 




Slow 

50 

51 

49 

43 

-6 

32 


24 

-4 



62 

58 

55 

-3 

17 


21 

-2 



122 

59 

57 

-2 

22 

17 

19 

+2 



32 

58 

61 

+3 

15 

15 

18 

+3 



92 

49 

53 

+4 

27 

23 

26 

3 



62 

51 

56 

5 

31 

24 

28 

4 



47 

48 

53 

5 

17 

28 

33 

5 



92 

61 

67 

6 

62 

12 

22 

10 



122 

38 

45 

7 

38 

13 

26 

13 



122 

45 

52 

7 

62 

26 

41 

IS 







16 

18 

34 

16 







21 

24 

42 

18 

Mean value 

■ 

51 5±2 1 

53 9±2 1 



21 Oil 6 

28 0±2 2 


Difference in mean 

■ 






1 


values 


■ 

2 4±3 0 



7 0±2 7 


Fast 

I 50 

12 

I 55 

59 

+4 

8 

17 

24 

+7 



11 

57 

65 

8 

11 

1 13 

20 

7 



9 

41 

51 

10 


21 

28 

7 



12 

56 

67 

11 

4 

30 

43 

13 



17 

56 

68 

12 


21 

36 

15 



18 

61 

74 

13 


23 

42 

19 



17 

57 

71 

14 


21 

41 

20 



17 

59 

74 

15 


19 

40 

21 



18 

44 

63 

19 


16 

39 

23 



IS 

40 

62 

22 

8 

27 

53 

26 



10 

55 

78 

23 







32 

51 

75 

24 







17 

56 

85 

29 





Mean value 

■ 



■ 

■ 

mm 

■KiBU 



Difference in mean 
values 

1 

14 7±3 0 

1 

1 

16 2±3 3 
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TABLE n — Concluded 


rrepvatloa 

AoUysU (or 


Fitqueney 
o( itlmu 
UUos 
(shocks 
per 

tecond) 

rhoapb&te (u phosphond) 

Lectie edd 

Fiber 

SUmit* 

hliUi^rtms pec cent (ousd in 


Milligrtms per cent found In 


fktion 

txme 

Control 

muscle 

Stlm 

muscle 

Older 

ence 

(atioa 

time 

Control 

muscle 

Slim 

muKle 

Differ 

cnee 



itc 




su 




Slow 

200 

17 

54 

6i 


7 

17 

18 

1 



17 

58 

70 

12 

8 

12 

16 

4 



17 

56 

69 

13 

10 

16 

21 

5 



17 

41 

(30 

19 

18 

17 

24 

7 



16 

60 

82 

22 

8 

18 

30 

12 







11 

18 

31 

13 







11 

26 

41 

IS 







9 

22 

39 

17 







7 

31 

49 

18 







6 

_ 21 _ 

47 __ 

26 

Mean value. 

H 




■ 


MiiH 


Di5erence m mean 

■ 








values. 


■ 

IS 6^4 8 



11 8±3 7 



TABLE m 


Phosphate and Laclxc Actd Formation on Stngk Shock Sttmulahon 
(Frequency = I 3, 6 or 12i shocks per second) 


Total number of 
twitches 

1 UiniiTiins per cent iscretse In 

1 Fbosphonu ' 

1 Lactic add 

No of values 

Avenge value 

No of values 

Average value 

15- 50 

3 

7 i 

9 

7 

SO-100 

8 1 

11 1 

7 

8 

100-150 


13 

4 

12 

150-200 


23 

2 

20 

200-400 1 


23 1 

— 

i — 


tions upon slow preparations at 50 per second) certainly causes no 
appreciable chemical changes The results are given m Table III 
It will be seen that the production of phosphate gradually nses with 
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an increasing number of tvntches and that the lactic aad formation 
IS somewhat similar, although not so clearl)’- demonstrated as that of 
the phosphate 

Phosphagen Phosphate 

Smce the amount of phosphate found in the stimulation experiments 
was, on the average, no more than 16 mg per cent phosphorus (highest 
value, 29 mg per cent) above the restmg level, it was of mterest to 



Fig 1 H 3 drolj sis of phosphate compounds m the adductor muscle 

determine the fraction of the total available phosphagen represented 
b}’ thm amount A number of experiments were made m which pairs 
of chehpeds were frozen m hqiud air, with or without stimulation of 
one of the pair The mitiai phosphate was detennmed, and the 
mixture of tissue and 5 per cent tnchloracetic aad was left standmg at 
35°C , determmations bemg made at mtervals 



W R BERGREN AND C A G WIERSilA 


203 


The results are plotted in Fig 1, the initial portion of the curve for 
one experiment being shown m detail m Fig 2 

In the group of five animals givmg closdy concordant data, it will be seen that 
during the first 2 hours the hydrolysis proceeds rapidly a le\el of 130-135 mg 
per cent phosphorus bemg reached The rate then decreases, and after about 30 
hours Oevel of 160 mg per cent) a new, much slower rate is followed At the 
end of IfiObouTS the final levels for the five pans of (helipedsare 198,197 181,176, 
189,185, 176 174, 184,184 the average is I8S mg percent 



Fig 2 Production of phosphate on hjdroljsis o! the tissue from the paired 
daws of one animal 

If the hydrolysis during the first 2 hours is considered as bemg that 
of the phosphagen and the remamder is assumed to be that of other 
more or less readily hydrolyzable phosphate compounds, the represen 
tative phosphagen level should be about 140 mg per cent With a 
resting level of phosphate at 50 mg per cent phosphorus, the amount 
of available phosphagen is m the order of 90 mg per cent phosphorus 
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Thus, on the average, less than one-fifth of the available phosphagen 
Mas found h 3 -drol 3 ’’zed on contraction, at the most one-third 

Experiments m which one of the pair of chehpeds was stimulated 
showed at the beginmng of the hydrolysis the accustomed difference 
m the phosphorus level, but this difference had disappeared at the 
end of the first 2 hour penod 

Of the two denatmg animals, one had a phosphagen level at about 
110 mg per cent and a final level at 142 mg per cent phosphorus, the 
other, only 90 and 116 mg per cent respectively Also m these 
cases, the paired chehpeds gave closely similar figures 

DISCUSSION 

The present mvestigation was undertaken m order to compare the 
chemical changes m the fast and the slow contractions and to correlate 
this information, if possible, with existmg physiological data The 
results obtamed clearly show that the chemical changes mvolved m 
the two t}'pes of contraction are of the same order if the mechamcal 
effects are comparable, and that they are distmctly different if the 
stimulation is such as to produce qmte different mechamcal effects 
Smce eqmvalent changes accompany eqmvalent action, it is necessar)’’ 
to assume that the two tj’pes of contraction do not differ m the 
mechanism of the chemical changes mvolved, which is strongly mdica- 
tive of the presence of onlj’^ one contractile substance 

The evidence obtamed thus strengthens the conclusions amved at 
by anatomical and physiological experiments (2, 3), namety, that 
each muscle fiber is innervated b)*^ both the fast and the slow axon and 
that both contractions occur in the same muscle fiber The difference 
between the two contractions then hes m the modes of transmission 
at the neuromuscular junction 

For the present considerations more emphasis has been placed upon 
the phosphate values, for it is generallj^ considered that the phosphate 
stands m a more directlj’^ mtegral position m the cycle of chermcal 
changes m muscle than does the lactic aad That only a fraction of 
the available phosphagen is found broken down to phosphate after 
contraction is of significance towards understandmg the mdiwdual 
vanations observed between animals This fraction is probably more 
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apparent than real, its exact magnitude depending upon the balance 
between breakdown and resynthesis Also, the supply of total phos 
phate and of available pbosphagen is variable between animals 

The fact that no catalysis of the hydrolysis of the phosphagen in 
aad molybdate solution was observed m the course of the phosphate 
determinations mdicates that the phosphagen of Caviban^s clarkn is 
arginine phosphonc acid rather than the creatine compound This 
conclusion is substantiated by the results of previous mvestigators 
(Kutscher (12), Eggleton and Eggleton (13), Meyerhof and Lohmann 
(14), Schutze (15)) on the isolation of the phosphagen of crustaceans 

The resting value for phosphate of Schutze on Astacus Jlunalilis (about 90 
mg per cent phosphorus) is higher than that found in the present work on Cam 
barus clarht, as are his maximal values (240 mg per cent) The high resting 
value probably is due to mjury of the muscle tissue during preparation for anal- 
ysis Meyerhof and Lohmann (11) give a much lower restmg value (about S5 
mg per cent) for Astacus, but their maximal values are only about 100 mg per 
cent The discrepancy m the breakdown phosphate values no doubt hes m the 
conditions of the hydrolysis and that the values of Meyerhof and Lohmann are 
lower than those of the present work may be due to a difference between Astacus 
and Cambarus In this connection it is of mterest that the available phosphagen 
for the latter amounts to 65 per cent of the sum of resting phosphate plus that from 
phosphagen, a figure in agreement with the 60-75 per cent noted by Meyerhof 
and Lohmann for Astacus 

'Ihe very high resting lactic aad values of Schulze (average 322 mg per cent 
for 9 values) are not m accord with the present data However, the few values 
given by Meyerhof and Lohmann are of the some order as the present ones, and 
it may be that the analytical method used by Schutze gave apparent high results 

SUMMARY 

An investigation has been made of the phosphate and lactic aad 
changes in the adductor muscle of the cheliped of the crayfish Cam 
bams clarkts upon stimulation of the isolated axons for the fast and 
slow contractions at determined frequenaes The data obtained 
point to the followmg conclusions 

1 When the mechanical effects of the two types of contraction are 
the same, the chemical changes are of the same order If the mechan 
leal effects arc different, the chemical changes likewise are not equiva 
lent Tins is espeaaily to be seen m the case of stimulation at 50 
shocks per second a slowly nsing, long continued, strong slow contrac 
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tion takes place with no apparent change in the phosphate content, 
a quickly rising fast contraction occurs with a large increase in the 
phosphate 

2 Since equivalent chemical changes accompany equivalent me- 
chanical action, the two types of contraction do not differ in the essen- 
tial mechanism of the chemical changes involved, and only one type of 
contractile substance is present 

3 Even when a contraction has taken place to the maximum extent 
obtainable, only enough phosphate is found to correspond to one- 
fifth to one-third of the available phosphagen 
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rORIMATION or NEW CR\SrALEINE ENZ\MES FROM 
CHVaiOTRYPSIN 

Isolation of Beta and Gamma CHYMOTHYPbiN 
By M KUNITZ 

{Trom the Laboratories of The Rockefeller lusliltilc for Medical Research Pnncclon 
Nat Jersev) 

(Accepted for publication August 2 1938) 

The isolation of crystalline chvmotry psinogen from fresh beef 
pancreas and its conversion into ch\Tnotry"psm b\ tr\ psm has be< n 
desenbed in former publications ( 1 ) 

Chymotrypsin in solution undergoes a gradual irreversible trans 
formation into new enzvmes, two of which have now been isolated in 
pure crvstalline form The new enzymes called beta (i3) and gamma 
( 7 ) chvmotry psins arc proteins and are enzymatically indistinguish 
able from the original chymotrvpsin but differ from it in molecular 
weight, crystalline form, stability m acid or alkali solubilitv, etc 
The process of the irreversible transformation of chy motrypsm into 
the new enzymes as well as a description of the methods of their 
isolation in pure crystalline form and a description of certain of their 
properties are presented in this paper 
The procedure for preparing chvTUotrvpsm consists essentially m 
adding a small amount of trvpsm to a concentrated solution of pure 
chymotrv^sinogen of pH 7 6 and allowing the solution to stand at 
S^C for 24 hours During this time complete conversion into chy 
motrypsm tal es place The pH of the solution is then adjusted to 
4 0 and the chymiotrvpsm is salted out by means of ammonium sul 
fate The amorphous precipitate is redissoivcd in a very small 
amount of 0 01 normal sulfunc aad and left at 20'’C A heavy crop 
of rhombohedral crvstals of chymotrvpsin is usuaUv obtained within 
24 hours The \ield is about 50 per cent of the total chymotrypsin 
ogen protein used 

A solution of crystalline chymotrypsin on recry stallization gives 
207 
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tion takes place with no apparent change in the phosphate content, 
a quickly rising fast contraction occurs with a large increase in the 
phosphate 

2 Since equivalent chemical changes accompany equivalent me- 
chamcal action, the two ty^es of contraction do not differ m the essen- 
tial mechanism of the chemical changes involved, and only one type of 
contractile substance is present 

3 Even when a contraction has taken place to the maximum extent 
obtainable, only enough phosphate is found to correspond to one- 
fifth to one-third of the available phosphagen 
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FORMATION OF NEW CRASTALLINE ENZ\MFS FROM 
CHYAIOTRITSIN 

IsoiATiON OF Beta and Gaiqw Chyuoteypsin 
By M KUNITZ 

(r rom the Laboratories of The RockeJeUer Iiislitiitefor Medical Research Princeton 
New Jersey) 

(Accepted for publication August 2 1918) 

The isolation of crystalline ch\niotr\-psinogen from fresh beef 
pancreas and its conversion into chymotnTism by trtpsm has been 
desenbed in former publications ( 1 ) 

Chymotrypsin in solution undergoes a gradual irreversible trans 
formation into new enzvmes two of which have now been isolated in 
pure crystalline form The new enzvmes, called beta (/3) and gamma 
( 7 ) chy motry psins arc proteins and are enzy matically indistingiiish 
able from the original chymotrypsin but differ from it in molecular 
weight, crystalline form, stability in acid or alkali solubility , etc 
The process of the irreversible transformation of chymotrypsin into 
the new enzymes as well as a description of the methods of their 
isolation in pure crystalline form and a descnption of certain of their 
properties are presented in this paper 
The procedure for preparing chymotrvpsin consists essentially in 
adding a small amount of trypsin to a concentrated solution of pure 
chy motrypsinogen of pH 7 6 and alloyymg the solution to stand at 
5°C for 24 hours During this time complete conyersion into chy 
motry^isin takes place The pH of the solution is then adjusted to 
4 0 and the chy motry'psm is salted out by means of ammonium sul 
fate The amorphous precipitate is redissolvcd in a very small 
amount of 0 01 normal sulfuric acid and left at 20°C A heavy crop 
of rhombohedral cry stals of chv motry psin is usually obtained wathin 
24 hours The yield is about lO per cent of the total chymotniism 
ogen protein used 

A solution of crystalline chymotrypsin on recry stallization gives 
207 




Fig 1(7 



Fig 1 Chvmotrvpsm crystals la, crystallized at pH 4 0 X 121 \b, 

cr\stallized at pH 5 6 X 153 
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rise either to rhombohedrons (Fig 1 a) or to long pnsms (Fig 1 b), 
depending on the pH of the solution In the range of pH 4 0-5 0 
the solution \ields rhombohedral crjstals while at pH 5 2-60 pnsms 
appear The pnsms, when reerj stallized from a solution of pH less 
than 5 0 j leld rhombohedrons and vice versa, thus proving that both 
forms of cr) stals are re\ ersible pol) morphs of one and the same sub 
stance — chMuotr)psin 




Fjc 2 Veedle shaped crystals consisUnp of a sobd solution of bpta gamma 
and inert protein cr> staUized at pH 4 0 X 300 

Tho mother liquor of the first crystals of ch\ motrvpsin still contains 
about 50 per cent of the original proteoU Uc actlv^t^ in solution and 
when kept at room temperature at pH 4 0a protein cr) stalbzes m 
the form of fine needle shaped crj stals fFig 2) difiercnt from the 
rhombohedrons or the long pnsms of ch\ motr>psin (2) 

The rate of formation of the fine needle c^^ stals is %er) slow but 
once started the mass of crystals continues to increase for weeks until 
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the solution becomes a semi-solid mass of fine crystals The new 
protein crystals differ from those of chymotr3'psin not only in form 
but also in solubility They still possess the same t^pe of enzymatic 
activity as that of chymotr}'psin although there is a quantitative 
difference, the activity per unit weight of the new protein being about 
one-half that of chymotrypsin On recrystallization at pH 4 0 the 
new protein always gl^ es rise to the same fine needle-shaped cr3^stals 
and all attempts to make it cr}"stalhze in the form of typical ch3^mo- 
trypsin rhombohedrons or prisms failed It thus became evident that 
the new ciArstalline protein, unlike the prisms or the rhombohedrons, 
is not a pol3’’morphic form of ch3Tnotr3psin 
Origin oj the New Crystalline Protein — The new cr3^stalline protein 
was first obtained from the mother liquor of the ch3'^motr3'^psin cr3^s- 
tallization and the possibilit3’' existed that the protein was present in 
the original crude extract It was found, honever, that the matenal 
could be obtained from repeatedl3 recr3'stalhzed ch 3 'motr 3 q 3 sin which 
in turn had been prepared from repeatedl3'’ recrystallized ch3TOO- 
tr3psinogen Solubility measurements ( 3 ) have shoivn that ch3’-- 
motr3’psinogen and ch3Tnotr3qjsin are pure proteins so that the new 
protein must be formed from ch3Tnotr3p)sin and is not present m the 
original extract The method of forming the new protein from pure 
ch3'motr3'psin consists in allowing a concentrated solution of re- 
cr3Stallized ch3TOotr3q)sin to stand at pH 7 6 and 5 °C for about 3 
weeks An appreciable loss of activit3 takes place under these con- 
ditions without an3^ significant loss of protein The solution, w'hen 
brought to pH 4 0 and wnth proper adjustment of the ammonium 
sulfate concentration, 3nelds at room temperature the new protein 
cr3 stals, the 3aeld being 50-75 per cent of the total protein 

On repeated recr3^stalhzation the new^ protein retains the same 
crystalline form and also constant specific activit3% w^hich makes it 
appear that the new^ protein is a pure substance of constant composi- 
tion Measurement of the solubility of the new^ protein crystals in 
dilute ammonium sulfate solution m the presence of an excess of the 
solid phase show's, how'ever, that the solubility of the crystals is not 
independent of the total amount of the excess crystals in suspension 
but continues to increase with the increase in the amount of cr3 stals 
suspended This does not accord wnth the phase rule criterion of a 
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pure substance The plotted ‘;olubilit> cur\c (Fig 3) sho^Mng the 
relation between the amount of the new protein dissoKed and the 
total amount of protein in suspension corresponds to the theoretical 
solubiliU curve of “muted crystals consisting of a solid solution of 
two or more substances (3) 

Further investigation has proved that the new protein cr\stals 
actually consist of a solid solution of se\eral proteins two of which 
have been isolated in pure crystalline form and found to be active 
proteolytic enzvones of the chvmotrvpsin t\ 7 )c These two crvstal 
line enzvmes named beta chvnnotrv psin and gamma chv motrypsm can 
be easily isolated from a solution of the mixed cry stals m 0 4 saturated 
ammonium sulfate by means of fractional crystallization at various 



Fic 3 Solubilitv at 10 C of solid solution crvvtals in 0 4 itunlctl ammonium 
sulfate pH 4 0 in the presence of increasing quantities of <;olid pin 


pH At pH 5 0 or higher the solution yields on standing at 20'’C 
large polyhedral crystals of gamma chvmotrvpsin bipvramidal m 
form (Fig 4) The filtrate from the gamma crvstaN w hen brought to 
pH 4 2 yields fine needle crystals of beta chymotrvpiin The beta 
crystals generally appear in the form of leafy rosetlcb and when very 
small, resemble the mixed crystals The beta crystals have a tend 
ency to form solid solutions with other proteins and it was found 
that the first beta crystals although practically free of gamma pro 
tcin still contain m solid solution a great deal of inert protein which 
cannot be removed from the beta crystals by repeated rccrystalliza 
tion It can however, be easily removed b\ incubating a solution 
of impure beta crystals of pH 7 6 for 30 minutes at 37 C The inert 
protein is then completely digested by the excess of active proteolytic 
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beta protein The latter can then be crystallized in a pure state 

(Fig 5) 

Methods have also been developed whereby chymotrypsin can be 
readil}'^ changed directly into either one of the new crystalline proteins 
Thus, if a concentrated solution of chymotrypsin crystals in dilute 
ammonium sulfate of pH 8 0 is kept at 3S°C the chymotrypsin pro- 
tein IS completely changed within 90 minutes into gamma protein 




Fig 4 Crystals of gamma chymotrj'psm crystallized at pH 5 6 X 15 5 

On adjusting the pH of the solution to 5 6 large polyhedral bi- 
pyramidal gamma crystals rapidly appear On the other hand if 
the change is allowed to proceed at a lower pH or lower temperature 
then either beta crystals or the mixed crystals of the solid solution 
are obtained 

On repeated recrystalhzation each enzyme continues to yield its 
own characteristic crystals Chjmiotrypsin cannot be obtained 
agam from either beta or gamma chymotrypsin The change from 
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chvmotopsm to the new protein crystals is apparently an irre\ersible 
process 

The new enzymes differ from each other as well as from the original 
chymotrj'psin not only in crystalline form but m a number of other 
respects such as molecular weight, stability in aad or alkali, degree 
of denaturation by urea, etc Most striking are the quantitative 
differences in the solubilities of the three crv stalhne proteins in aque 



Fig 5 Cr>stals of beta chjTnolrvpsin crvstallized at pH 4 0 x 315 

ous ammomum sulfate solutions 1 hus at pH 4 0 gamma is six times 
as soluble as beta and about eight tunes as soluble as chvmotrjpsm 
A solution saturated with crj stals of chymotrv psin continues to dis 
solve crystals of beta and cice versa, the total amount of protein dis 
solved being equal to the sum of the individual solubilities The 
same holds true for a mixture of gamma and ch> motrypsm cn stals 
when mixed at pH 5 5 On the other hand, erj stals of gamma form 
a solid solution with either beta or chymotrypsm crv stals when mixed 
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at pH 4 0, hence the solubility of gamma at pH 4 0 is affected by the 
presence of either one of the other protein crystals and vice versa 
The phase rule solubility curves for the three crystalline proteins, 
unlike the solubility curve for the solid solution crystals, are typical 
of substances which contain only a small fraction of impurities 
The three enzymes, while strikingly different in many respects, 
are, nevertheless, chemically and enzymatically very similar No 
significant differences have been found m the elementary composition 
nor in the free amino nitrogen and tyrosine-tryptophane content of 
the three proteins, and no marked quantitative differences in the rate 
and extent of digestion of various proteins and artificial substrates 
have been observed 'The formation of the new enzymes from 
chymotrypsin is apparently due to a slight hydrolysis of the chymo- 
trypsin molecule as evidenced by the loss of protein during the process 
of formation of the new enzymes as well as by the fact that their 
molecular weights are lower than that of the original chymotrypsin 


In (he following (ext as well as in the figures and tables chymotrypsin is fre- 
quently designated for brevity’s sake by the Greek letter alpha (a) 

Schemahe Prescnlalion of Formahon of 0 and y Prolcxn jiom Chyniolrypstn 
Chymotrypsin (rhombohedrons or prisms) 


\ 




\ 


P Chymotrypsin 7 Chymotrypsin Inert protein 


\ 


\ 


/ 




Solid solution crystals (tine needles) 

rractionil crystalli/ ition at pH ^ h 

Filtrate to pH 4 2 
Crystals of /? in solid solution vith inert protein 

Autolysis 0 S hour at 37°C pH 7 6, 
then eryst illi/iation it pH 4 2 

/? Chymotiypsin (fine needles) 


Bipyramids of y chymotrypsin 
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EXPElUaiEKTAL RESULTS 
/ Isolation of Beta and Gamma Chymotrypsins 

1 The romatioji of Neio Enzymes from Clymotrypstn at 5^C and 
pH 7 6 

Expcnnietthl Procedure — 20 gm ol semi dry paste o{ crystals of chymotrvpsm 
three tiroes recr>'stallized from 0 4 saturated aromomum sulfate pH 4 0 was sus 
pended in 48 ml ice cold water and 12 ml m/2 phosphate buffer pH 8 0 was then 
added This brought about rapid solution of the crystals The pH of the solu 
Uon was then adjusted to 7 6 by means of a few drops of S n sodium hydroxide 
and stored at 5®C Samples of 1 ml were taken at \'anous times and diluted vnth 
M/400 hydrochloric aad to proper concentrations for activity and protem nitrogen 
determinations At the same time samples of 3 ml were taken for crystaUization 
tests These were mixed m test tubes with 2 ml of saturated ammomum sulfate 
and after adjustment of pH to 4 2 by means of several drops of n/ 1 sulfunc aad 
were left at 2Ck-2S®C for crystaUization The ciystal sugiensions were filtered 
after 3 dajs through Whatman’s No 42 paper and the dear filtrates were an 
alyzed for protein nitrogen the percentage yield of crystallized protem was then 
calculated 

The results of the various determinations are given graphically in 
Fig 6 "Which shows that the process of transformation of chvmo- 
trypsmat5®C and pH 7 6 consists of three successive stages During 
the first stage, "which includes approximately the first 2 or 3 days, a 
rapid formation of inert protem taLes place as evidenced by the rapid 
decrease m the activity of the solution accompanied by a relatively 
small loss in protein The mert protem formed mterferes consider- 
ably "With the crystalbzation of the active protein left The solution, 
adjusted to the proper pH and ammonium sulfate concentration, 
still continues to yaeld crystals of normal chymotiypsm rhombo 
hedrons, but the percentage of protein crystallized diminishes rapidly 
from day to day until the second stage is reached which includes the 
penod between the third and fifth days when only a slight precipitate 
of sphenoid granules mixed with a few rhombohedrons and fine needles 
appear in the crystalbzation samples Finally durmg the third 
stage which extends for several weeks after the fifth day , the solution 
begins to yield increasing amounts of crystals again The crystals, 
ho'wever, consist not of chymotrypsm rhombohedrons but entirely 
of fan shaped bundles of fine needles consisting of a solid solution of 
beta and gamma chymotrypsins and mert protein 
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The 3161(1 of the needle c^stals increases rapidl}’^ from da}"- to da 3 ’' 
for a period of about 10 days until it reaciies a maximum of nearty 
70 per cent of the total protem present m solution The crystalliza- 



tion samples appear then as thick gels of fine cr 3 ^stals On further 
standmg autolysis takes place and the 5 ield of cr}-stals graduaUy 

drmmishes 
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The inert protein formed dunng the first phase of the process does 
not interfere with the crystalhzation of the new crystals smce it com- 
bines with them to form a sohd solution 

Z Isolahon of Gamma Crystals from the *^Sohd Solution^’ Crystals 

It has been mentioned that the needle crystals on recrystalhzation at pH 4 2 
always retain the same needle form of crystals If however the pH of the re 
crvstallizauon mixture is adjusted to 5 2^ 0 then bipyramidal crystals of gamma 
cbymotrypsin appear The gamma crystals on recr>stalUiation even at pH 4 2 
yield only bipyramids and all attempts to change the gamma crystals to the 
onginal sobd solution needles have so far faded 

Experimental Procedure — 10 gm of needle sohd solution crystals was dissoU ed 
in 30 ml water and the pH was adjusted to 5 6 by means of a few drops of 5 n 
sodium hydroxide 20 ml saturated ammomum sulfate was then added and the 
dear solution was left at 20®C 

Bipyramidal crystals gradually appeared and grew rapidly until a heavy sedi 
ment of crystals was formed withm 24 hours Cr>staUization was allowed to 
proceed for 2 days The crystals were removed by filtration with suction on 
hardened paper and recrystaUized several times in 0 4 saturated ammomum sul 
fate at pH 5 6 and finally at pH 4 2 The specific activity of the gamma crystals 
was about the same as that of pure chymotrypsm 

J Isolation of Beta Crystals 

The filtrate from the gamma cay'stals when adjusted to pH 4 2 yields fine needle 
crystals smiilar to those of the onginal sohd solution crystals but of a lower speafic 
activity They were named ‘ crude ' beta crj’stals The low specific activity is 
due to the presence of inert protem which forms a sohd solution with the needle 
crystals ^ attempts to remove the inert protein by means of fractional ci> stal 
hzation or repeated recr> stalUzation were unsuccessful It can be easfly removed 
however by means of autolj sis at 37 C 

Expeninenlal Procedure— 10 gm of three times recrystaUized crude beta 
crystal cake was dissolved m 250 ml water and 10 ml D 4 M borate buffer pH 9 0 
was added The mixture, pH 7 6 was rapidly wanned to 37 C and left for 1 
hour in a water bath at 37 C Samples were taken at 15 minute mtervals for 
measurements of activity and protein content At the end of the hour the solution 
was cooled to 20 C and the pH was adjusted to 4 0 Solid ammomum sulfate 
was added to bring the solution to 0 4 saturation This gave nse to a slight 
amorphous preapitate which was filtered off with the aid of about 1 gm Standard 
Super Cel The clear filtrate was brought with sohd ammomum sulfate to 0 7 
saturation The formed precipitate was then filtered on hardened paper The 
semi dry amorphous precipitate of about 7 gm was then dissolved in 21 ml water 
and 14 ml saturated ammomum sulfate was added The pH was adjusted to 4 2 
Crystals of fine rhomboid plates of pure beta gradually appeared The specific 
activity of the pure beta crystals was about the same as that of chvmotrypsin 
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Fig 7 shows that the specific activity of the solution of crude beta 
trypsin is gradually increased because of the digestion of the inert 
protein by the active beta protein 



Fig 7 Removal of inert protein from beta chymotrypsm by hydrolysis at pH 
7 6 and 37°C The inert protem is rapidly digested by the active beta protein 

4 Formation of Gamma Chymotrypsm from Chymotrypsin 
at 35°C and pH 8 4 

The formation of the new enzymes from ch 3 rmotrypsm at 5°C 
and pH 7 6 as described in section 1 is a slow process The change 
occurs faster if the chymotrypsin is exposed to higher temperatures, 
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but the composition of the new matenals yielded at vanous tempera- 
tures IS not the same It was found that when a concentrated solu- 
tion of chymotrypsm is kept at 35®C and pH 8 4a very rapid change 



occurs from chymotrypsm mto gamma chymotrypsm, without forma- 
tion of any beta or inert protem The last, if formed at all, is un 
mediately digested under these conditions 
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Expemncnlal Procedure A. mixture was made of 16 gm of six times recr 3 ’'stal- 
Iized di}’motr}-psm cr 3 stal cake plus 24 ml water plus 24 ml 04 m borate 
pH 9 0 The final pH of the solution was about 8 4 The solution was left at 
35°C Samples of 0 2 ml were taken at ranous times and diluted with n/ 400 
h} drochlonc aad for measurements of activity and protem content At the same 
time samples of 3 ml were taken for crystallization These were mixed m test 
tubes with 2 ml of saturated ammomum sulfate and the pH was adjusted to 5 6 
by means of several drops of 1 sulfunc acid The mixtures were then left at 
20°C for cry stalhzation The crystallization mixtures were filtered after 24 hours 
and the protem content of the filtrates was dete rmin ed, the percentage yield of 
cry stalhzed protem was then calculated 

TABLE I 

Formation of Gamma from Chymolrypstn at 35^C 

50 gm alpha cry stal cake + 75 ml water + 75 ml 0 4 m borate buffer pH 9 0, 
4hrs at35®C 


Matenal 

Total activit> 

Total protein 
mtrogen 

Specific 

activity 



Wf 

^ FJ7 

Ongmal solution 

134 

2960 

0 045 

Ongmsd solution after 4 brs at 35°C 

101 

2260 

0 045 

Per cent 

75 

76 


Fust crop of gamma 

49 

1045 

0 047 

Mother liquor 

39 

875 

0 045 

First recry’stallization of gamma 

45 

880 

0 051 

Second “ “ “ 

37 

780 

0 048 

Third “ " “ 

32 

670 

0 048 

Fourth " “ “ 

29 

560 

0 052 


The results are given graphically m Fig 8 It is to be seen that 
crj'stals of ch 5 Tiiotr 3 ^sm appeared only in the samples taken within 
the first 2 hours, while the later samples contained crj^stals of gamma 
protem The rate of cry^stalhzation of each speaes of cry^stals is 
affected by the presence of the other matenals so that there was a 
distmct minimum m the amount of cry^stallme preapitate m the 
sample tubes, as shown by the plotted curve for the per cent of pro- 
tein crystaUized If the cry^staUization were allowed to proceed for 
a longer time the difference m the jnelds would gradually disappear, 
except for the difference between the solubihty of the two speaes of 
ciy^tals The curx^es for activity and protem content of the ongmal 
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chymotrypsm mixtures show that the change of chymotiypsm at 
3S®C and pH 7 6 is accompanied by a simultaneous loss both of 
activity and protein which means that there is no accumulation of 
inert protein in the solution and hence the specific activity of the 
protein remains unchanged during the whole process The yield and 
the speafic activity of gamma on recrystalhzation are shown in 
Table I 

5 Final Method for Isolation of Beta and Gamma Crystals 

The final procedure adopted for the isolation of the new enzymes follows 
As a starting matenal either ch)rmotrypsm or the mother liquor from chymo- 
trypsm crystallizations can be used In the latter case the protem is first salted 
out in 0 7 saturated ammonium sulfate and the preapitate is then used m the 
foUowmg operations m the same manner as the crystal cake of diymotrypsm 
Isolalion of Gamma Crystals — Suspend 100 gm of crystal cake of ^ymo- 
trypsm m 100 ml water Add SO ml 0 5 ii phosphate buffer pH 8 0 and store the 
clear solution for 3 weeks at about S^C Then add 120 ml saturated ammonium 
sulfate adjust the pH to about 5 6 by means of 5 n sulfunc acid, added drop by 
drop, and allow the mixture to stand at 20 C for crystallization of gamma chymo- 
trypsm Filter after 3 da>’s with suction The filtrate (first gamma mother 
liquor) is stored at S C Yield about 30 gm gamma filter cake 

RecryslalUjstton of Gawifna— Recrystallize the gamma crystals by dissolving 
10 gm m 30 ml water and adding 20 ml saturated ammonium sulfate Filter 
after 24 hours with sucUon Residue— second crystals of gamma stored at 5®C 
Isolalton of Crude Bela Crystals — Combme filtrate with the first gamma mother 
hquor, adjust pH to 4 2 with 5 N sulfunc aad, and salt out the protem by adding 
21 gm solid ammonium sulfate to each 100 ml of solution Filter with suction 
Dissolve 10 gm of amorphous preapitate in 7 5 ml n/100 sulfunc aad and allow 
solution to stand for several days at 20-25 C until a heavy precipitate of fine 
needle crystals of crude beta is formed The solution frequently turns completely 
into a thick fibrous gel of cry stals Filter with suction The filtrate on standing 
may yield another crop of needle crystals The total yield is about 50 gm crude 
beta filter cake per 100 gm of onginal chymotiypsm filter cake 

Recrystalltzalton of Crude Beta — Dissolve 10 gm of crystal cake m 30 ml of 
water and add 30 ml saturated ammonium sulfate Adjust pH to 5 6 by means 
of a few drops of 5 k sodium hydroxide, and after inoculation with gamma crystals 
allow the solution to stand for several days at 20'’C Filter off any gamma crystals 
formed and adjust the pH of the filtrate to 4 2 Crude beta cry stals gradually 
appear Filter after several day's and repeat crystallization of the crude beta m 
the same manner 

Isolohon oj Pure Bela Crysials —Dissolve 10 gm of three times reerj stalhzed 
crude beta crystal cake in 250 ml of water, add 10 ml 0 4 ii borate buffer pH 9 0 
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Heat solution to 37°C and then let it stand at this temperature for 1 hour Cool 
solution to 20 C and adjust pH to 4 2 by means of 5 n sulfuric aad Add iiitli 
stirring 65 gm of ammonium sulfate and if a precipitate is formed add 5 gm 
Standard Super-Cel and filter with suction through 9 cm No 3 filter paper Dis- 
solve 21 gm ammomum sulfate in each 100 ml of the clear filtrate and filter the 
formed amorphous preapitate of protein with suction on hardened paper Reject 
filtrate Dissolve each gram of preapitate in 3 ml w ater and add 2 ml saturated 
ammonium sulfate Adjust solution to pH 4 2 and let it stand at 20°C An 
amorphous preapitate forms which graduallv changes mto very fine crvstals 
Filter after sev'eral days with suction, vueld about 3 gm of pure beta crj stal cake 
The procedure for recr} stalhzation of the “pure” beta crystals is the same as 
for the recrjstallization of the crude beta 

II Phystcal and Cliamcal Properties of the Various Crystalline 

Proteins 

1 Solubility m 0 4 Saturated Ammoniim Sulfate pH 4 0 at 10°C in 
Presence of Increasing Amounts of the Solid Phase 

Experivicntal Procedure — ^The following operations, except crj stalhzation, were 
done in a constant temperature room at 10°C ±05 The concentration of 
ammomum sulfate is expressed in terms of saturation at 20''C 

Cryslalhzahon — ^The crystalline proteins used in the solubilitv tests were re- 
erj stalhzed several times in 0 4 saturated ammomum sulfate made up m M/10 
acetate buffer of the same pH as that used in the solubilitv tests 

Wasinng of Crystals — 10-15 gm of crystal cake was suspended in 0 4 saturated 
ammonium sulfate in a 100 ml Pyrex test tube provuded with a glass bead, 15 nmi 
m diameter The tube completely filled with the ammonium sulfate solution 
was stoppered with a one-hole stopper and finally plugged with a short glass rod 
Care was taken not to leavm anv air space in the tube The tube was then placed 
horizontally in a rockmg machine and allowed to rock at a slow rate so as to cause 
the glass bead to roll back and forth all along the tube thus keepmg the suspension 
contmuously stwred The rockmg was generally continued for 24 hours, the 
suspension was then filtered with suction and the dear filtrate was analyzed for 
activuty and protein concentration The filtered cry'stals were then resuspended 
in fresh 0 4 saturated ammonium sulfate and tlie whole procedure was repeated 
several times until the filtrates gave constant values for activutv and protein 
concentration These values generally became constant after 2 or 3 washings 
Solubility at 10°C in 04 Saturated Ammomum Sulfate — The crystals from the 
final washmg were uniformly suspended in SO ml of 0 4 saturated ammonium 
sulfate Increasing amounts of the uniform suspension from 0 1 to 15 ml were 
made up to 15 ml with 0 4 saturated ammomum sulfate and then transferred into 
15 ml test tubes, each provnded with an 8 mm Pvrex glass bead The tubes 
were stoppered wuth one-hole rubber stoppers and then plugged with short glass 
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0 as to rmove aU the air from the tubes The suspenaons were rocked for 
24 hours and then filtered through small No 42 filter papers The clear hltratl 
« weU as the onguial suspensions were analjzed for activity and protem concen’ 
trauon. Stirring of the suspenaons for longer than 24 hours did not afiect the 

ulty m 2”houm" ’ 


Tig 9 shows the curves for the solubility at 10°C of the \anous 
crystals in 0 4 saturated ammonium sulfate pH 4 0 m the presence of 
mcteasing amounts of cry stalhne protem added to the system There 



TiO 9 Solubihty of alpha, beta, and gamma chymotrypsins m 0 4 saturated 
mmomum sulfate pH 4 0 in th^ presence of increasing quantities of solid phase 
jr^cenl impurities calculated from the slopes of the lines (3) a ^ 0, fi ^ 13, y 


ts an enormous difference m the solubtUty of the gamma crystals as 
compared with those of beta or alpha trypsin crystals, the solubihtj 
° ® piotems bemg about the same 

e solubility curves of alpha, as well as of beta and gamma ctys 
a s, consist of intersecting straight lines and correspond to the theoret- 
' p ase rule curves of substances mixed with an amount of im 

punty vaiymg from 0 to 13 per cent as detemuned from the slopes 
of hnes 

The solubihty curve for the crude beta crystals, unlike the other 
curves, consists entirely of a continuous curvature sunilar to the curve 
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shown in Fig 3 and hence corresponds to a solubihty curve typical 
of a solid solution 


Mixed Solubility Saturated solutions of the various crystals in 0 4 saturation 
ammonium sulfate pH 4 0 were made up by suspending 15 gm of washed crystal 
cake m 100 ml of solvent and shakmg the suspension for 24 hours at lO^C m the 
manner described before Several portions of 15 ml of the well mixed suspension 
were filtered with suction on separate papers The filtrates were combmed while 
each of the residues was stirred in a 15 ml test tube with saturated solubons of 
various proteins or with its own saturated solubon and also with 15 ml of fresh 

TABLE U 


Solubility of Alpha (Chymotrypsin), Bela, and Gamma Crystals in 0 4 Saturated 
Ammonium Sulfate Made Up in M/10 Acetate Buffer pE 4 0 and Saturated 

■with the Various Crystals 


Solid pbase 

a 


T 

Liquid phase-saturated 
solutions of 

a 

0 

m 

a 

0 

m 

a 

0 

7 


IT U X lor) per ml filtrate 

After 24 hrs 

8 4 

19 

46 

18 

11 


49 

11 

58 

After 48 hrs 

8 4 

21 

51 

19 



54 

11 

62 

Calculated 


19 4 

68 

19 4 


71 

68 

71 



Jfg protem nitrogen per ml filtrate 

After 24 hrs 

0 134 

0 33 

0 87 

0 33 

0 19 

0 80 

0 99 

1 05 

1 23 

After 48 hrs 

0 132 

0 35 

0 93 

0 34 


0 76 

1 05 

1 20 

1 20 

Calculated 


0 32 

1 35 

0 32 


1 41 

1 35 

1 41 



0 4 saturated ammonium sulfate pH 4 0 The tubes were provided with beads 
The suspensions were rocked for 3 hours, then filtered with suction The filtrates 
were rejected while the crystallme residues were resuspended m corresponding 
fresh solutions and rocked for 24 hours and then filtered The filtrates were 
analyzed for activity and protein concentrabon while the residues were resus- 
pended once more in corresponding fresh solubons and rocked for 48 hours longer 
and then filtered The final filtrates were analyzed for activity and protein con- 
centrabon as before The results of these determinations are given in Table H 
which shows that a saturated solution of crystals of alpha or of beta m dilute 
ammonium sulfate pH 4 0 continues to dissolve crystals of the other protem un^ 
the total concentrabon of protem dissolved equals the sum of the solubihties of to 
two protems On the other hand, a saturated solubon of gamma crystals at pH 
40 loses protem when mixed with an excess of crystals of either alpha or beta 
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This IS due to the fact that at pH 4 0 gamma protem combmes with either alpha 
or beta to form crystals of a solid solution The solubility of the solid solution 
crystals formed is apparently lower than that of the gamma o^-stals 

It IS to be noticed that the sohd solution combmation between gamma and the 
other crystals occurs only at pH about 4 0 but not at pH above 5 S, hence it was 
found possible to separate the gamma protem from its combination in sohd solu 
tion with either beta or alpha chymotrypsm by fractional crystallization at pH 5 5 

Solubility Curves of Artificial Mixtures of Crystals 

Increasing amounts of the stock suspensions of mixtures of crystals of two 
proteins were made up to 15 ml with 0 4 saturated ammonium sulfate and stirred 
fox 24-48 hours at 10®C in the rocking machine as described before The sus 
pensions were then filtered and the filtrates were analyzed for protem content 



Fio 10 Solubility curve of artificial mixture of crystals of alpha and beta 
chymotrypsm (65 per cent alpha 35 per cent beta) in 0 4 saturate ammonium 
sulfate pH 4 0 at 10 C m the presence of mcreasmg quantities of sohd phase 
Slope of B C, measured •* 051, calculated -■ 0 35 

Fig 10 represents the solubility curve at pH 4 0 of a mixture of 
crystals of 65 parts of alpha and 35 parts of beta chymotrypsm 
The curve corresponds to the theoretical curve of a mixture of two 
independent chemical substances, the solubihty of either one of 
which IS not affected by the presence of the solid phase of the other 
substance 

The same holds true for a mixture of crystals of alpha and gamma 
chymotrypsm m 0 4 saturated ammonium sulfate pH 5 5 The solu 
bihty curve shown in Fig 11 corresponds to the theoretical curve of a 
mixture of two independent solid phases ^ 

^ The samples of the enzymes used m the artificial mixtures ’ experiments con 
tamed small amounts of soluble impunties and this is shown by the fact that the 
solubUity of the mixtures, as as of the individual proteins, increases slightly 
with mcrease m the amount of sohd phase even in the presence of a large excess of 
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On the other hand, the solubihty curves (Figs 12 and 13) of the 
mixtures of gamma crystals with either alpha or beta ch 3 Tiiotrypsin 






Figs II and 12 Solubility curves of artificial murtures of ctystals of alpha 
and gamma ch}Tnottypsm (40 per cent alpha -f 60 per cent gamma) in 0 4 satu- 
rated ammomum sulfate of pH 4 0 and 5 5 at 10°C m the presence of mcreasmg 
quantities of solid phase At pH 4 0 the curve is of sohd solution type while at 
pH 5 5 the curve corresponds to the theoretical curve of a mixture of two mde- 
pendent sohd phases Slope of B C, measured = 0 42, calculated = 0 43 

cr 3 ^stals m 0 4 saturated ammonium sulfate pH 4 0 show clearly that 
gamma crystals form a sohd solution with either one of the other 

crj'stals The data, however, are not sufllaent to enable the quantity of the 
impunties to be detenmned so the exact values for the solubihties of the mdividual 
proteins used m these artifiaal mixtures experiments ate unknown Hence no 
comparison can be made between the solubihty of the mixtures and the sums 
of the solubihties of the two components of each mixture 
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proteins It is to be observed that tbe order of the solubility of 
alpha and gamma chymotrypsm crystals at pH 5 5 is reversed from 
that at pH 4 0, the solubility of gamma crystals at pH 4 0 being about 



Fig 13 Solubihty curve of artificial nurture of crystals of beta and gamma 

chymotrypsm (35 per cent beta 4- 65 per cent gamma) m 0 4 saturated ammomum 

sulfate pH 4 0 at 10 C The curve is of sohd solution type 





Fig 14 Cataphoresis measurements and isoclectnc pomt determinations 

eight tunes as great as that of alpha chymotr 5 ^sm, while at pH 5 5 
the crystals of alpha chymotrypsm are six times as soluble as the 
gamma crystals 
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2 —Measurements were made of the rate of cata- 

phoretic migration of collodion particles suspended in 0 01 m buffer 
solutions of various pH and containmg 0 06 mg of the various crys- 
talline proteins per milhhter 

The results are given in Fig 14 which shows that the isoelectric 
point IS approximately identical for the three proteins 
J Aad and Alkah TttraUon Curves — Fig 15 shows the pH titra- 
tion curves for the various proteins The data were corrected for 


Miltrmols 



Fig 15 Aad and alkali titration curves MiUimols combined per gram pro- 
tein at vanous pH 

free acid or base The curves comcide on the acid side of the iso- 
electric points but diverge considerably m the range of pH 5 0-9 0 

Expemnenial Procedure — ^The various crystalline proteins were dialyzed for 
18 hours at 5°C in runmng n/200 hydrochlonc aad by the method of Kumtz and 
Simms (4) 10 ml samples of the dialyzed material made up m 0 1 m sodium 

chloride and contaimng a total of 3 1 gm of protem were titrated with 0 I m acid 
or allah The pH was measured by means of a low resistance glass electrode of 
Mouquin and Carman type (5) inserted m the titration vessel 

The correcUons for free base m solution were neghgible m the range of pH 
measured The correction for free hydrochlonc acid was made m the usual 
manner, assummg an ionic strength of ft = 0 1 as due only to the salt and acid 
added, hence the activity coefficient of 7 H+ = 0 84 was used ( 6 ) 

The isoelectric pomts were obtamed from Fig 14 
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4 Denaittrahon tn 0 1 N Bydrochlonc Acid at 35°C — ^The three 
proteins when made up in 0 1 n hydrochlonc aad rapidly undergo 
denaturation which is demonstrable by the formation of protein in 
soluble in 1 0 u sodium chloride Native protein is soluble in this 
concentration of sodium chlonde 

Expcnmmlal Procedure — 10 ml of a dialyzed solution of each material con 
tammg 1 mg protein nitrogen per ml was mixed with 10 ml of 0 2 N hydro* 
chlonc aad and left at 25®C 



Samples of 2 ml were taken at vanous tunes and neutralized Ttith 2 ml N/10 
sodium h>droxide 1 0 ml of the neutralized solution was further diluted with 
n/400 hydrochlonc aad to the proper concentrations for activit> and protein 
mtrogen analysis while 2 0 ml of the neutralized solution was added to 2 ml 2 u 
sodium chlonde made up m n/200 hydrochlonc aad The preapitate of de 
natured protem was filtered after 24 hours and the filtrate was analyzed for protein 
content the amount of denatured protem was then found b> difference 

The results are given in Fig 16 which shows that alpha chymotryp 
sm IS denatured m aad solution much faster than either beta or 
gamma 

5 Xnaclivaitoti at pH 9 0 and 35°C —The three enzymes when 
brought to pH 9 0 and kept at 35°C undergo a gradual autolysis 
with a simultaneous loss of activity, but the rate of autolysis is more 
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rapid for beta or gamma than for alpha ch)anotr}^sm as shown m 
Fig 17 

A comparison of these results with those given m Fig 16 shows 
that m aad solution alpha is less stable than beta or gamma, while 
at pH 9 0 the order is reversed and beta and gamma are less stable 
than alpha chymoti^^psm 

In the range of pH 2 0-8 0 the stability of the three enzymes is 
about the same except for the gradual change of ch}Tnotr}'psm into 
the new enzymes at pH above 4 0 



6 Inachvahon by Urea — ^The three enz^rmes partially lose their 
abihty to digest protems if exposed to the action of a concentrated 
urea solution The effect of urea is almost mstantaneous and is 
irreversible on dilution with water, the percentage loss of enzymatic 
activity mcreases with the concentration of urea used The three 
enz^ones, however, differ among themselves with respect to their 
stability in concentrated urea solutions as shown m Fig 18, alpha 
bemg the most and gamma the least stable of the three enzymes 

7 Denatiirahon by Beat —No significant difference has been found 
in the stabihty of the three enz)unes when kept at 100°C the rate of 
irreversible denaturation bemg the same for the three materials 
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8 Chemical Composthonf etc — ^Table HI contains the data for the 
elementary analysis as well as for some other chemical determinations 
There is generally very little difference between the three enzymes in 
respect to most of the chemical tests There is, however, a striking 
difference in the molecular weight of the three enzymes, the molecular 
weight of beta being 75 per cent and of gamma only 68 per cent of 
that of alpha 



Fig 18 Inactivation by urea 1 0 ml enzyme, 1 0 mg protem nitrogen per 
ml 4- 5 ml of vanous concentrations of urea in water 10 minutes at 20 C , then 
diluted 50 times with water for activity measurement m hemoglobm 

III The Enzymatic Properties of the Vanojis Chymotrypsin Proteins 

The enzymatic behavior of the new crystaUme proteins as well as 
of the ongmal chymotrypsin towards vanous substrates is given in 
Table IV 

In practically all cases the rate of digestion by the three enzymes as 
measured by vanous methods at vanous pH is alike Also the ex 
tent of ultimate digestion of casein or gelatm, as measured by the 
amount of free ammo mtrogen formed, is identical for all three 
enzymes 

The three enzymes not only digest protems with the same rate but 



TABLE in 


Physicochemical Properties 



a 

/3 

7 



C 

49 80 

SO 00 

50 06 


1 

H 

7 32 

7 38 

7 16 

Elementary analysis m per cent diy I 

N 

15 83 

15 81 

IS 69 

weight (a) 

'I 

S 

0 24 

0 27 

0 28 



Ip 

0 00 

0 00 

0 00 



[Ash 

0 21 

0 00 

0 00 

Protem mtrogen as per cent total mtrogen (b) 

98 

99 

98 

Ammo nitrogen as per cent total mtrogen (c) 

5 0 

5 3 j 

S S 

Tyrosine + tryptophane in milhequivalents 




per mg total mtrogen (d) 


2 46 

2 53 

1 2 54 

Optical rotation (e), per nig nitrogen 

-0 42 

-0 41 

-0 42 

Molecular weight (f), by osmotic pressure, 




average of six detennmations 


40,000 

30,000 

27,000 




±1,000 

±2,000 

±1,000 


I^Ninhydrm (g) 


+ 

+ 

+ 

Protem tests 

Biuret 


+ 

+ 



IMiIIon 


+ 

+ 



[Xanthoproteic 


+ 

+ 



(a) The elementary analyses were earned out by Dr A Elek m Dr PA, 
Levene’s laboratory 

(b) Total and protein mtrogen in dialyzed solutions determined by micro- 
Kjeldahl method (7) 

(c) Ammo mtrogen m samples of about 2 mg total nitrogen measured by Van 
Slyke’s manometric method (8) 

(d) 1 0 ml containing 0 5 mg total mtrogen + 1 0 ml m/ 1 bydrocblonc acid 
+ 3 0 ml water + 10 ml 0 5 n sodium hydroxide + 3 0 ml 1/3 dilution of phenol 
reagent of Folm and Ciocalteau (9) Color read after 10 mmutes against a similar 
mixture contammg 1 X 10"* nuUimoI tyrosme 

(e) Solution contammg about 15 mg total mtrogen per ml (98-99 per cent 
protem nitrogen) was dialyzed for 24 hrs agamst runmng m/ 200 hydrochloric 
acid at 5°C Protem, total mtrogen, and optical rotation measured after dialysis 

(f) Osmotic pressure measurement by the method of Northrop and Kumtz (10) 
Inside of coUochon bags about 15 ml enzyme solution contammg about 60 mg 
protem per ml made upmlOiiorOSM ammonium sulfate Outside same 
concentration of ammomum sulfate as mside but without protein Tnpheates 
were run for each salt concentration Rocked for 48 hrs at 5°C Equilibnum 
was reached within 24 hrs No effect of concentration of salt on the osmotic 
pressure was observed, provmg that the Donnan effect was entirely ehminated 
Protem concentration measured at the end of experiment 

(g) Nmhydtm test 1 0 ml enzyme contammg 1 0 mg nitrogen per ml +10 
ml 24 per cent pyndme m water + 0 2 ml 2 per cent nmhydrm (tnketobydrmden- 
hydrate) m water Left at 25°C for 24 hrs , then made up to 25 ml with water 
No significant difference between the three materials was found m this test as well 
as m the other protem tests 
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they also attack the substrate molecule in the same place as evidenced 
by the fact that when the digestion has reached its final stage by the 
action of any one of the enzymes it cannot be extended further by the 
addition of any of the other enzymes 

IV The Mechanism of Formation of the New Enzymes 

The process of formation of beta and gamma from chymotrypsm 
at 5°C IS accompanied by a loss of about 15 per cent of total protein 
and a simultaneous loss of about 40 per cent of activity, the last is 
due to the formation of inert protem The transformation of chy- 
motrypsm into gamma at 35°C is accompamed by a loss of about 
35 per cent of protem as well as by a loss of an equal portion of ac 
tivity The loss of protem as well as of acbvity at both tempera 
tures proceeds at a rate approximately proportional to the rate of 
change of chymotrypsm mto the new enzymes and the rate of loss 
becomes neghgible after the change has been completed 

The new enzymes have lower molecular weights than the ongmal 
chymotrypsm In the case of gamma the percentage difference in 
the molecular weight corresponds almost quantitatively to the per- 
centage loss in total protem during its formation from chymotrypsm 
at 35°C It IS thus evident that the formation of the new enzymes 
from chymotrypsm is essentially a hydrolytic process resulting m the 
deavage of the chymotrypsin molecule The nature of the products 
formed is determined by the conditions of pH and temperature The 
deavage, however, is not profound enough to affect quahtatively the 
enzymatic nor most of the protem properties of the molecule The 
number of peptide linkages spUt is very small so that the observed 
differences either in the number of free ammo groups or in the number 
of free carboxyl groups of the vanous matenals are small and almost 
within the limits of experimental error 

The activity of beta and gamma when expressed m enzyme units 
per milligram protem mtrogen, or per milligram dry weight, does not 
differ much from that of the ongmal chymotrypsm The enzymatic 
activity thus decreases in proportion to the size of the molecule, as 
summg that both the molecular weight and activity measurements 
are certain 

The slow formation at 5°C of beta and gamma as well as of inert 
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TABLE IV 
Enzymatic Properties 


Substrates 

Urea bemoglobm (a) in [T U p 

Clotting of milL (b), rennet units/mg 
PN 

Casein in [T U p Non P N for- 
mation (c) 

Casern in [T U p Formal titra- 
tion (d) 

Viscosity of gelatin pH 4 0 made up in 
0 S M ammonium sulfate 
fT'TTiC'el viscosity 
^ W PN 

Edestm (e) [T U ^ p X 

Native crystallme egg albumin (f) 

FT IT ^ 

^ W PN 

Carbobenzoxyglycyl /-tyrosylglycme 
amide (g) at SS^C Unimolecular 
velocity constant per hour at 35°C 
(digestion mixture contammg 2 5 
mg substrate and 0 025 mg en- 
Z 3 mie protem per ml ) 

BenzoyI-f-t 3 TosyI-gIycmeamide (h) Um- 
molecular velocity per hour at 5°C 
(digestion mixture contammg 2 mg 
substrate and 0 006 mg enzyme per 
ml ) 

Other substrates 

Sturm 1 

Clupem 1 

Native hemoglobinj 


[ 

a 

P 

y 

Crystalline 

trypsm 

0 04-0 O' 

1 0 035-0 04f 

i 0 040-0 04; 

) 0 17 

7-8 

7 

7-8 

0 

0 80 

0 80 

0 88 

2 4 

0 08 

0 087 

0 087 

0 18 

7 4 

7 5 

7 5 

100 

3 8 

4 5 1 

4 4 

70 

0 001 

0 001 

0 001 

0 

0 38 

0 32 

0 32 


0 044 

0 044 

0 044 

0 


No difference m the rate of digestion by 
a, ff, or y was noticed 


(a) Method of Anson and Mirsky (11) 1 ml enzyme contaimng 0 01 mg 

protein nitrogen per ml -f- 5 ml hemoglobm Digested 10 minutes at 35°C 

(b) Method of Kumtz (12) 

(c) 10 ml 5 per cent casern pH 7 6 -{- 2 ml enzyme, 0 025 mg protem nitrogen 
per ml Digested at SS^C Samples of 2 ml + 2 ml 10 per cent trichloracetic 
aad Heated 10 minutes at 85°C Filtered after 30 minutes Micro-Kjeldahl 
on 2 ml filtrate For units see (13) 
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protein appears to be a simultaneous process, Tvhile at 35°C and 
pH 8 0 the hydrolysis is rapid and only gamma protein is formed 
Exposure of pure beta protein to 35^*0 at pH 8 0 does not change it 
perceptibly into gamma protein -which sho-ws that beta is not an inter 
mediate product in the process of transformation of chymotrypsin 
mto gamma protein On the other hand the solubility curve of beta 
crystals shows that even the highly purified matcnal still contains 
from 10-15 per cent of one or more impurities -which cannot be re 
moved by rccrystallization It is thus possible that beta undergoes 


(d) Procedure same as (c) except that 2 ml samples were used for formol titra 
Uon by the method of Northrop (14) 

(e) I ml enzyme 0 02 mg protem mtrogen per ml 4- S ml 5 per cent edesUn 
(Hoffmann La Roche) m 2 m sodium chloride made up m 0 1 ii phosphate buffer 
pH 7 6 Digested 10 minutes at 35*C, then mixed with 10 ml 5 per cent tn 
chloracetic aad, heated 10 minutes at 85*C filtered after 30 minutes 5 ml 
filtrate + 10 ml 05 u sodium hjdronde + 3 m3 1/3 phenol reagent Color 
compared with standard tyrosine solution IT 131“ - millimoles tyrosme 
equivalents formed per 6 ml digestion mixture per minute at 35®C 

(f) Freshly prepared crystalline egg albumin by the method of La Rosa (15) 
Recrystallized twice 1 ml enzvme 0 02 mg protein nitrogen per ml + 5 ml 
2 per cent egg albumin m ii/lO phosphate buffer pH 7 6 Left at 35 C for 18 hrs 
(4- toluene) The amount of non protein nitrogen formed was then determined 
as in (c) IT H 1 p N mDhequivalents non protem mtrogen formed per 
minute per milligrara protem nitrogen enzyme per 6 ml digestion mixture Evi 
dently native egg albumin is slightly digested b> the chymotrvpsm but not by 
crystalline trypsin in agreement with the results reported by Balls and Lmeweaver 
(16) The rate of digestion of egg albumin by the vanous chymotrypsms is 
about 1/800 of that of digestion of denatured casein 

(g) Artificial substrate specific for chymotrypsm synthesized by Drs Berg 
mann and Fruton (17) who supplied us vath several of their preparations Pro- 
cedure S ml substrate, 3 mg per ml m u/lS phosphate buffer pH 7 6 + I ml 
enzyme 0 025 mg protem nitrogen per ml at 35®C Ammo nitrogen m samples 
of 1 ml measured by Van Slyke s manometne method The veloat> con tant, 

2 3 A 

K » — log 7 - was found to decrease sbghtly with time of digestion It 

t A ^ A 

was extrapolated to zero time and recorded here as such 

(h) Kmdly supplied by Drs Bergmann and Fruton (17) Procedure 25 ml 
substrate 2 mg per ml m m/15 phosphate pH 7 6 -h 1 ml enz>’me 0 025 mg 
protem mtrogen per ml atS C Sample of 5 ml 4- 1ml formaldeb> defer formol 
titration with n/50 sodium hydroxide 
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a further transfoimation. either into gammaj which is very stable, 
or some other product 

The writer was assisted m this work by Margaret R McDonald 
and Vman Kaufman 

SUMMARY 

A solution of ch3rmotrypsm on shght hydrolysis undergoes an ir- 
reversible change mto new protems, two of which are enzymes and 
have been isolated m ciystallme form The new crystalhne en- 
z}mies, called beta and gamma chymotrypsms, differ from the onginal 
ch3miotrypsm as well as from each other m many physical and chem- 
ical respects, such as molecular weight, crystalhne form, solubihty, 
and combining capacity with acid The new enzymes still possess 
the same enzymatic properties as chymotrypsm It thus appears 
that the irreversible change from chymotrypsm to the new enz3mes 
does not affect the structure responsible for the enzymatic activity 
of the molecule 

The solubiht3^ curves of the new enzymes agree approximately with 
the curves for a sohd phase of one component and furnish very good 
e^’ldence that the preparations represent distmct substances The 
vanous enz3mes when mixed at the proper pH have a tendency to 
form mixed cr3^stals of the sohd solution type Thus at pH 4 0 
gamma ch3miotrypsm combmes to form sohd solution ciy^stals with 
either alpha or beta chymotrypsm Hence at this pH separation of 
gamma from either alpha or beta by means of fractional crystalhza- 
tion IS impossible At pH 5 0-6 0, however, each matenal crystal- 
lizes m Its own charactenstic form and at its own rate, thus a frac- 
tional separation of the vanous enz3mies from each other becomes 
feasible 
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DEVELOPMENT OF EYE COLORS IN DROSOPHILA SOME 
PROPERTIES OF THE HORMONES CONCERNED* 

By EDWARD L TATUM and G W BEADLE 
{From the School of Biological Sciences, Stanford University) 

(Accepted for publication, July 25, 1938) 

Diffusible substances showing hormone like action m modifying 
the development of eye color are known in Drosophila and m certain 
other insects For details of this work and references to the literature 
see K.uhn (1937), Ephrussi (1938), and Beadle, Anderson, and Max- 
well (1937) These substances are active when injected into, or fed 
to, appropriate test larvae The so called substance causes a 
modification of the eye color of venmhon brown (v hiv) animals from 
a pale pink towards brown Similarly, substance induces a 
modification of cinnabar brown (cn bw) eye color from colorless to 
wards brown 

Chemical investigations of the eye color hormones have been earned 
out by Khouvme and Ephrussi (1937), Thimann and Beadle (1937), 
and Becker (1937) Similar investigations have been continued with 
the aim of eventually isolating and identifying these hormones This 
paper reports some of the further information which has been obtained 
primarily in regard to the properties, chemical nature, and possible 
methods of punfication of the id* hormone 

Source of the Bormonc and Methods of Testing 

The 1 ?+ hormone used for this work was obtained from 24-48 hour old wild 
type pupae The pupae were washed and dned at I00®C for 1 hour This served 
both to macUvate the enisymes and to dry the material The dried pupae were 
kept under reduced pressure until needed The hormone was extracted from 
finely ground dned pupae by procedures to be described later m this paper Small 
aliquots of the extracts to be tested were dned under reduced pressure at 100®C , 

* This work has been supported in part by funds granted by The Rockefeller 
Foundation The authors are indebtM to Mr C W Clancy for assistance m 
carrymg out the experiments on whidi this paper is based, and to Dr C B van 
Nid for many helpful suggestions and criticisms 
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■weighed, and dissolved in Ringer’s solution and, if necessary, the pH adjusted to 
6 0 In most cases the concentration of extract in the test solutions did not 
exceed 0 7 per cent The solutions prepared in this way were sealed in small 
glass tubes and immersed m boding water for 10 mmutes This was found to be 
necessar^-^ to prevent bactenal growth and consequent toxiaty for the test ammals 
Solutions prepared m this way retamed their actmty indefinitely 

The acti'vity of the various solutions was determmed by injectmg them mto 
the body cavities of v bw larvae shortly before pupanum formation The effect 
manifested itself in a modification of the eye color from nearly colorless towards 
brown Ten to fifteen larvae were injected ■with each solution to be tested 



Fig 1 Effect of concentration of n"*' hormone on eye color of vbw flies 


QawMaiivc Dcienmnatton of i/'*' Eonnone — ^The development of a reasonably 
accurate method of determinmg the amount of the hormone in a given extract was 
necessary for exact chemical work Dilutions of active extracts were injected into 
the test larvae, and the mtensity of the induced eye color was graded m terms of 
the arbitrary color values mtroduced by Thimann and Beadle The numencal 
values on this scale range from 0 (no response) to 5 (maximum response indis- 
tinguishable from bronm control flies) In this and subsequent determmations 
approximately 1 4 mm ’ (the maximum volume practicable) was injected mto each 
a, and the maximu effect in each senes of mjecUons was taken as the best 
of the activii , that solution The results of several such dilution 
sho'ssn in Fi re the abscissa represents the amounts mjected. 
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plotted on a logarithmic scale and the ordinates the arbitrary color values from 
0 to 5 It IS evident that, when plotted in this way, the relation is approximately 
linear To facilitate calculations an arbitrary unit of activity was selected and 
defined as that amount of the hormone which when injected into one larva bnngs 
about a modification of eye color to a value of 1 0 on the color scale In order to- 
faabtate gradmg of color values and to ensure reproduable results certain, 
genetic tj-pes of flies with different but constant eye color values were selected to 
form a set of standards All test animals were compared and graded by compari- 
son with the standard flies The genetic composition and the eye color values, of 


table I 

Genetic Constitution and Color Values of Flies Used As Standards 


CoostituUan 

Color Taloe 

Venmlion brown (t bw)* 

0 0 

Suppressor 1 of vermilion, vermihon/vemuhon brown (rtt'—pr/r fcw) 9 

0 5 

Suppressor 2 of verraihon vermilion brown v &ip) o' 


Suppressor 2 of vermilion vermilion brown («»•—* n &») 9 


Brown claret (bw co)t 9 or d* 


Eosin c? 


Suppressor 1 of vermiUon, vermilion brown (r«*— » t ho) d’ 


Eosm (i£^) 9 


Brown (bw) 9 or ^ 



* Females of the constitution vermihon brown are somewhat darker than males 
Because of this, it is desirable m cntical tests to compare flies of the same sex 
f Files of this combination have an eye oilor of an intensity correspondmg to 
the color value 2 but the shade of color is not quite that desired this standard 
used m most of the work reported in this paper, probably will be replaced m 
future work 

t To a lesser extent, the same objection applies to this standard as to the brown 
claret combination — see footnote above 

these standards are shown in Table I The age of these standards must be con 
trolled as the color vanes slightly with age To ensure the greatest accuracy m 
determination most solutions were diluted so that a color between I 0 and 2 0 
was induced 

Extraction of the Bormone — It has previously been shown (Khouvme and 
Ephrussi, 19^7, and Thimann and Beadle, 1937) that the eye color hormones may 
be extracted from pupae with water or with alcohol ether mixtures Vanous pro- 
cedures were tried for the extraction of the hormone from dned wild type 
pupae and the (oUowmg method was found most successful The ground dned 
pupae were extracted several times with boiUng chloroform and this inactive 
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extract was discarded The hormone was then extracted by repeated treatments 
mth hot 95 per cent eth}'! alcohol The alcohol was removed from the yellow 
extract under reduced pressure and the residue taken up in distilled water The 
vater-msoluble portion of this mixture was removed by centrifuging The final 
product was a fairly clear yellow solution The results of a number of extractions 
are summariaed m Table II Approximately 5 per cent of the original weight of 
the pupae were contamed in the final extract Disregarding a few inexpbcable 
cases in which extracts of quite low activity were obtamed, the average activity 
was about 280,000 umts per gram extract This means that from 1 gm of dned 
pupae around 17,500 umts were extracted By usmg water instead of alcohol as 

TABLE n 


Evlradton of »+ Hormone 


Weight of pupae 

Weight of extract 

Units extracted 

Total 

Pergm extract 

Pergm pupae 

im 

im 




0 13 

0 016 j 

700 

43,700 

5,380 

4 42 

0 101 

10,500 

104,000 

2,380 

21 S 

1 28 

266,000 

208,000 

12,360 

50 0 

1 32 

420,000 

318,000 

8,400 

120 0 

5 30 

1,484,000 

280,000 

12,370 

160 0 

8 05 

3,283,000 

408,300 

20,520 

225 0 

13 30 

2,240,000 

168,000 

9,970 

no 0 

5 00 

^ 2,100,000 

420,000 

19,100 

110 0 

1 3 86 

2,100,000 

544,000 

19,100 

50 0 

1 92 

1,006,600 

524,000 

20,130 

0 5* 

0 096 

7,000 

72,900 

14,000 


* Exhaustive extraction with water only 


an extractive, about the same number of umts was obtamed, but the extracts were 
less pure 

Some of the best extractions yielded 20,000 umts per gram pupae, containmg 
about 2,500 mdividuals Consequently m these cases approximately 8 umts 
were obtamed from each mdividual Fig 1 shows that 30 umts are required to 
produce the maximum effect, so that one wild type fly must have produced at 
least 30 units, and perhaps much more If this figure is accepted, at most 28 per 
cent of the theoreUcal amount was recovered from the pupae This poor recovery 
might be due to mcomplete extraction or to partial inactivation, but m view of the 
relatively constant yield, it seems probable that the concentration of the hormone 
m the pupae at any one time does not greatly exceed this extractable amount 
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Properties of tlie 1 + Hormone 

With the arms of obtaining some indication of the chemical nature 
of the hormone and of developmg a satisfactory purification procedure, 
some of Its physical and cheimcal properties were investigated Un 
less otherwise stated, the vanous treatments were earned out on 
extracts prepared as desenbed above In most cases the reagents or 
solvents used were removed by preapitation or distillation and the 
residual matenal diluted to a known volume with Rmger’s solution 
If necessary the treated matenal or fraction was adjusted to a pH of 


TABLE in 

Seal Stability of Hormones 


1 

Trcitmtnt j 

1 ^ 1 

1 

Cdot 1 

Units 

Colot ' 

Units 

lOOCforOShr 

3 0 1 

6 0 

3 0 

6 0 

3 0 ' 

3 0 

6 0 

2 5 

4 0 

12 0 

3 0 

6 0 ' 

2 5 

4 0 

36 0 ' 

2 5 

4 0 ' 

1 0 

1 0 

1 hr at 100 C 

3 0 

6 0 

3 S 

10 0 

120 

2 5 

4 0 

1 ^ ^ 

1 4 0 

140 

2 0 

2 5 

1 2 0 

2 4 

160 

0 2 

0 4 

0 1 

1 “2 


* Calculated on assumpUoa that relationship betneen concentrauon and eye 
color 13 same as with hormone 


6 0, dned under reduced pressure, and reextracted with alcohol The 
alcohol was removed from the extract and the residue dissolved m 
Ringer's solution The extracts were then tested for activity as 
previously desenbed 

Beal Slahlily — ^The stability of the hormones was determmed by 
heating whole pupae m the oven at vanous temperatures for diflferent 
penods of tune The treated matenal was crushed in a few drops of 
Emger’s solution and fed to test larvae as desenbed by Beadle and 
Law (1938) This method was sufficiently exact for companson of 
the different samples The results ate given in Table HI The 
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hormones were found to be stable at a temperature of 100°C for 1 
hour Over much longer penods of tune or at higher temperatures 
the activity of both hormones decreased until at 160°C practically 
all the activity was lost in 1 hour In general the v+ and w+ hormones 
showed similar behavior towards heat The destruction of the hor- 
mones at higher temperatures was also substantiated by comparing 
the activity on injection of standard extracts prepared from pupae 
dried at 100°C and at 130-140°C The latter extract contained 
only one-fourth as much and cn+ hormones 

Whereas intact dned pupae, stored at 20-2S°C , retained the 
honnone m an active state for at least 11 days (tested by feeding), 
ground-up material slowly decreased in efiectiveness until after 11 days 
it was only one-fourth as active Such stored ground matenal, how- 
ever, seemed toxic for the test larvae, so that the apparent loss of 
activity may have been due to entirely different effects, eg , a de- 
creased uptake of the hormone by the larvae This seems all the 
more likely because no decrease in activity of hormone extracts, 
either in solution or in dried form, could be observed over a 4 week 
period of storage at 20-25°C 

Stability to Acid and Alkali — Small samples of active extract 
were treated with n and 10 n sulfuric acid and sodium hydroxide at 
lOO^C for 30 minutes The samples were neutralized, dried under 
reduced pressure, and extracted with ethyl alcohol The alcohol 
was removed and the residue was dissolved in Ringer’s solution and 
tested A control was treated with n sulfuric acid at room tempera- 
ture The results were as follows 


Treatment 


Control 
N~H2S04 
10 N— H2SO4 
N— NAOH 
10 N— NaOH 


Destroyed 


per cent 
0 
0 
76 
80 
100 


The D+ hormone was stable to n acid, largely destroyed by 10 n acid 
and N alkah, and completely inactivated by 10 n alkali 
Stability to Oxidation —Ees-dle and Thimann demonstrated the 
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necessity of destroying the pupal enzymes before extraction, and 
suggested that the hormones are inactivated by enzymic oxidation 
Thev also stated that hydrogen peroxide inactivated them Some of 
our results led us to suspect that the a+ hormone might be slowly 
oxidized and inactivated by the oxygen m the air We therefore 
tested the effect of oxygen on active extracts It was found that 
bubblmg oxygen through such solutions for hour had no inactivat- 
ing effect No loss was found at pH values of 4, 6, or 9 or at pH 6 in 
the presence of a little charcoal as a catalyst, or at 100°C for M hour 
It seems improbable that the substance is oxidized bv the oxygen in 
the air under ordinary conditions 
An attempt was then made to repeat the results of Beadle and 
Thimanu mvolving treatment with hydrogen peroxide A sample 
of extract was treated with hydrogen peroxide in a final concentration 
of 1 per cent The solution was boiled for 3^ hour The resulting 
solution was still active, but since it still contained peroxide, only 
small amounts could be mjected and no quantitative results were 
obtamed When the excess peroxide was decomposed with freshly 
preapitated iron oxide the solution was toxic 
These experiments were repeated usmg a more concentrated extract 
After heating the extract with 1 per cent hydrogen peroxide for 
hour, one sample was freed from peroxide by treatment with a few 
drops of fresh pupal juice as a source of catalase After S minutes 
the mixture was heated and centrifuged The peroxide in the other 
sample was removed by heating with iron oxide The sample in w hich 
the peroxide had been decomposed with catalase showed no significant 
loss in activity, but the iron oxide treated sample was slightly toxic 
and completely inactive It was conduded that hydrogen peroxide 
alone does not oxidize the hormone, but that iron oxide may act 
catalytically in maljng this oxidation possible It was found that 
iron oxide also catalyzes oxidation by molecular oxygen At a tern 
perature of lOO^C in the presence of iron oxide and molecular oxygen, 
82 per cent of the hormone activity was lost in of an hour 
Enzymic Inacltvalion — Since the hormone had been shown to be 
relatively stable towards oxidation, it was thought advisable to inves 
tigate Its inactivation bv the enzymes present in the larvae and 
pupae Juice obtained b> crushing or gnnding fresh pupae or larvae 
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and filtering, was mixed with concentrated active extract The 
solutions were allowed to stand for 15-20 hours on watch glasses at 
30°C , then diluted with Ringer’s solution to known volumes, sealed 
m glass tubes, heated, centrifuged, and tested by mjection The 
results of several experiments are shown m Table IV In no case 
using juice from crushed pupae or larvae did inactivation result 
However, the juice from wild type or vermilion larvae and wild tj'pe 
pupae obtamed by grmdmg the matenal thoroughly with finely 


TABLE IV 

Enzytmc Inadivaiton of t)+ Hormone 



Enzyme 


Inactivation 

Source 

Preparation 

Treatment 

Wild type pupae 

Crushed 

Heated 

per cent 

0 

(( tt 


Unheated 

0 

tt f( « 

Ground 

(t 

83 

Wild type larvae 

Crushed 

Heated 

0 

(t U i( 

tt 

Unheated 

0 

(S « « 

Ground 

Heated 

0 

/< ff 


Unheated 

95 

V bw larvae 

« 

Heated 

0 

<< tf (( 

tt 

Unheated 

89 

Wild tiTpe larvae 

tt 

Heated, Nz 

8 

a tt t( 

if 

“ ,Oz 

0 

tt tt (t 

tt 

Unheated, Ni 

8 

it tt ft 

ft 

" ,Oz 

62 


powdered silica, almost completely inactivated the hormone The 
results indicate that the inactivating enzyme is intracellular and is 
freed only by gnndmg the cells thoroughly Tests for the hor- 
mone in some of these cases showed that it was sunilarly inactivated 
Another experiment was made which confirmed the hypothesis of 
Thimann and Beadle that the inactivation is due to enzymic oxidation 
The oxygen was removed from samples of heated and unheated 
enzyme solutions by bubbling purified nitrogen through them After 
Vi hour concentrated active extract was added and the stream of 
mtrogen contmued for Vi hour longer Two other samples were 
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Similarly treated witli oxygen and emyme solutions The results 
of this experiment are also given in Table IV Only when both oxygen 
and active enzyme were present did inactivation result 
Solubilthes of tlie Hormone ■ — ^The solubiUties of the hormone in 

various organic solvents were also mvestigated The results are in 
complete agreement with those of other workers (Khouvme and 
Ephrussi, 1937, Becker, 1937) The substance is soluble m water, 
m 95 per cent ethyl alcohol, slightly soluble m 95 per cent acetone, 
and quite soluble in 50 per cent acetone However, it is insoluble in 
ether, chloroform, benzene, and absolute acetone under ordmary 
conditions Contmuous extraction of the dried material, however, 
showed that it could be slowly extracted with absolute acetone An 


TABLE V 

of pE on Exlraction vnih Butyl Alcohol 


pH 

1 

1 Bomone extneted 

Eye color produced 

Units 

S 0 ' 

0 8 

560 

5 S 

1 8 

1400 

6 0 

2 3 

2100 

6 S 

1 8 

1400 

7 0 

0 9 



active water extract was mixed with anhydrous CaSOi to a crumbly 
mass, and the mixture was allowed to set overmght Continuous 
extraction of this material with hot absolute acetone for 4 hours 
removed about 10 per cent of the hormone present 

The solubihty of the id hormone m ethyl alcohol suggested the 
possible use of butyl alcohol m its pun&cation Samples of active 
solution were shaken with equal volumes of butyl alcohol at varymg 
pH values The butyl alcohol layer was evaporated to dryness and 
dissolved m Rmger’s solution The results are given m Table V 
The solubihty in butvl alcohol was at a maximum at pH 6 0 but 
decreased sharply at higher or lower pH values This indicates that 
the hormone contains both aadic and basic groups with an isoelectric 
pomt at about 6 0 

Continuous extraction with butyl alcohol confirmed this evidence 
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A water solution containing 1 /+ hormone adjusted to successive pH 
values of 9, 3, and 6 was extracted continuously with butyl alcohol 
The extractions were earned out under reduced pressure to avoid 
possible inactivation at higher temperatures and each extraction was 
continued for 4 hours The various extracts and the final extracted 
residues were freed from butyl alcohol and salts and tested The 
onginal solution contained 105,000 units The extract at pH 9 
contained 5,900 umts, that at pH 3 contained 16,100 units, while 
44,100 umts were extracted at pH 6 The residue contained only 
1,750 units These results showed that the active substance was 
extracted very slowly at pH 9, slightly more rapidly at pH 3, and 
quite readily at pH 6 

Precipitation Reactions — The effect of various precipitants on the 
hormone extracts was investigated in the hope that some would prove 
of value in the purification of the active pnnaple It was found that 
treatment with lead acetate and ammomum hydroxide precipitated 
the substance completely This agrees with the results of Khouvine 
and Ephrussi Treatment with banum hydroxide and 4 volumes of 
ethyl alcohol also preapitated it completely In this case the activity 
could be completely restored by decomposmg the precipitate with 
sulfunc aad Treatment of an alcohohe solution of the hormone with 
mercuric chloride in alcohol did not precipitate it, and the activity 
was recovered in the filtrate after removing the excess mercury with 
HsS However, Neuberg’s reagent (mercuric acetate and sochum 
carbonate) in 70 per cent alcohol precipitated the hormone It could 
be recovered from the preapitate by treatment with HzS This 
precipitant is assumed to be specific for amino acids and ammo aad- 
hke substances 

Molecular Weight of Hormones —Since the chemical investigations 
had indicated the ammo aad-like nature of the hormone but had 
given no information as to the size of the molecule, it was thought 
profitable to determine the approximate molecular weight The 
only method applicable to such a determination of an unisolated sub- 
stance which IS present in small amounts is the diffusion method A 
complete discussion of this method including the calculation and 
evaluation of results and references to the literature is given by Cohen 
and Brums (1923) Brums, Overhoff, and Wolff (1931) later used 
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this method to estimate the molecular weights of carotin and vitamin 
A Went (1928), by usmg agar blocks for diffusion, modified the 
method for the determination of the molecular weight of auvm 
Because of its simplicity, the agar block technique was used for 
the determination of the molecular weight of the eve color hormones 
IJ per cent agar blocks 10 X 10 X 2 mm were used Block number 
1 (the bottom block in the senes) was prepared by adding 1 5 per 
cent dned agar to a concentrated extract The other blocks contamed 
1 5 per cent agar in Rmger’s solution After solidification the blocks 
were cut to the correct size, and three plam agar blocks piled on the 
extract containmg block Care was taken to prevent occurrence of 
air bubbles between the blocks Diffusion was allowed to proceed at 
25'’C After a defimte penod the blocks were separated, placed m 
small vials, cut up, and covered with an equal volume (0 2 cc ) of 
Ringer's solution After IS hours at 30°C the solutions were remo\ cd 
for testmg for the tr*- hormone It was assumed that complete equi 
hbnum had been attained m that tune 
To obtain the most accurate possible determmation of the hormone 
concentration in the test blocks, it was desired to dilute the solutions 
for testing so that all should be of the same hormone concentration 
This procedure avoids any errors which might be introduced through 
the use of the eye color standards It was found best to assume the 
molecular weight and to calculate, from the theoretical distnbution 
for that value, the dilutions of each fraction which should give test 
solutions of equal hormone concentration The dilutions were so 
calculated as to give a color value of 1 Slight differences in color are 
most easily detectable in this region on the color scale 
The results of several determinations are given in Table VI The 
diffusion tune and the assumed molecular weight are given for each 
senes The table gives, for each block, the dilution made, the eye 
color obtained, the theoretical and found distnbution expressed in 
parts per 10,000, and the experimentally determined value of Dtt 
With an assumed molecular weight of 150 the concentration in the 
diluted samples decreased markedly from blocks 4 to 1, indicating a 
higher molecular weight Similarlv, the data show that the molecular 
weight IS higher than 300 However, with the dilutions made assum 
ing a molecular weight of 500, the eye colors produced by the four 



250 


EYE COLOR HORMONES IN DROSOPHILA 


fractions were nearly equal and well witlun the range of experimental 
error and the limit of accuracy of the method With the hormone 
an average value for all the experiments of Z> 2 o = 0 316 was obtained, 

TABLE VI 

Molecular Weight of Hormones 


«■'' Hormone 


Molecular 

weight 

Difiusion 

time 

Block 

No 

Calculated 
dilution for 
equal con- 
centration 

Eye color 
obtained 
from diluted 
samples 

Distribution of hormone 
per 10,000 total 

Found 

Calculated 

Found 


min 







ISO 

60 


13 

2 5 

5500 

6800 

0 28 




7 

1 0 

3200 

3000 

0 34 




2 5 

0 2 

1100 

210 

t 



1 

0 

0 1(?) 

220 

92 

0 42 

300 

60 


76 

1 3 

6100 

6700 

0 28 




37 

1 1 

3000 

2800 

0 27 




9 

0 8 

730 

490 

0 30 



1 

0 

0 5 

80 

41 

0 34 

500 

109 


26 

0 8 

5516 

5300 

0 34 




15 

09 

3201 

3400 

t 




5 

0 9 

1063 

1100 

0 33 



1 

0 

0 8 

214 

200 

0 30 

500 

109 


26 

1 0 

5516 

5600 

0 31 




15 

1 0 

3201 

3200 

0 32 




5 

0 9 

1063 

1000 

0 32 



1 

0 

0 6t 

214 

130 

0 27 

ctt* Hormone 

500 

109 

4 

13 

1 0 

5516 

5500 

0 31 



3 

7 5 

1 0 

3201 

3200 

0 31 



2§ 

2 5 

1 0 

1063 

1100 

0 31 


* Average value of I >20 for i'"’" hormone was 0 316, for c»+ hormone, 0 31 
t Unavoidable experimental errors m deterimnations made it impossible to 
calculate significant values of D 20 m these cases 
I Mmimum value because of toxicity of fraction 
I Concentration of cn+ hormone in block 1 was too low to test 

and the calculated molecular weight of the hormone was 490 A 
smnlar determination for the c»+ hormone gave the same result, a 
molecular weight of 500 

Because of the limitations of the method the values obtained are 
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only approximate It can be safely assumed, however, that the mo 
lecular weights of a*" and c«+ hormones are of the same order, with a 
value between 400 and 600 


DISCUSSION 

The mvestigation has shown that the 1 + hormone is probably a 
single chemical entity of true hormone lihe activity So far there 
has been no evidence that more than one substance is involved That 
it may nghtly be classed as a true hormone is indicated by its high 
activity The most active preparation yet obtamed has a deaded 
effect on eye color in a concentration of 0 23 y per fly 1 gm of this 
matenal would be sufficient to modify the eye color of 4,200,000 flies 
There is every reason to beheve that the active pnnciple makes up 
only a small percentage of the dry weight of this matenal and that it 
will prove to be very much more active than this figure indicates 

The known properties of the v+ hormone indicate that it is an amino 
aad hke compound Its solubihty in water and in ethyl alcohol and 
Us insolubihty in other organic solvents resemble the charactenstic 
solubilities of ammo acids The extraction with butyl alcohol fur- 
nished evidence to the same effect The influence of pH on the rate 
of extraction mdicates the presence of both acidic and basic groups 
with an isoelectnc pomt near pH 6 This behavior is also typical of 
the neutral aimno aads 

Further evidence of its ammo aad nature is found in its preapita 
tion with Neuberg’s reagent, which is assumed to be specific for ammo 
aads and related compounds Finally, all active extracts so far 
obtamed give strong positive reactions with mnhydrm (tnketo 
hydrmdenhydrate), which is one of the most sensitive tests for a 
ammo aads 

Although all the data indicate the ammo aad nature of the hormone. 
It seems probable that it is not a simple ammo acid The substance 
may be destroyed or inactivated by many treatments which would 
not affect simple ammo aads The mstabihty of the hormone to 
heat, and to treatment with aad and alkali illustrate this pomt 
Furthermore, the high molecular weight of 400 to 600 as determined 
by the diffusion method also eliminates the common simple ammo 
aads from consideration 

The available information does not justify any conclusions ns to 
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the exact chemical nature of the hormone However, there seem to 
be three distmct possibihties It may prove to be a complex single 
ammo acid, a peptide of several amino acids, or it may be a compound 
of one or more ammo acids with other substances In any case it is 
probably not a normal constituent of tissue, smce its occurrence seems 
to be rather strictly limited to certam msects Khouvme and Ephrussi 
were unable to demonstrate any hormone activity in nitrogenous 
extracts of sheep bram, while similarly prepared extracts of Cal- 
hphora were very active Although yeast is generally supposed to 
contam most known nitrogenous substances, we have had no indication 
that it contams this particular ammo aad-hke hormone 

Mention should be made here of the fact that all the data available 
indicate the very dose chemical relationship of the iy^ and civ^ hor- 
mones No differences in their chemical properties have been found 
durmg this investigation This substantiates the views of Ephrussi 
and Beadle regardmg the mterrelationship of the two hormones 

SUMMARY 

The substance mducmg the production of pigment m the eyes of 
vermihon brown mutants of Drosophila melanogaster has been shown 
to be a relatively stable chemical entity possessmg true hormone-hke 
activity 

A simple method for obtammg hormone solutions has been de- 
veloped mvolvmg extraction of dned wild type Drosophila pupae 
with ethyl alcohol and water 

A logarithmic proportionahty has been found to exist between the 
amount of hormone and the induced eye color This relationship 
provides a simple method for the quantitative determination of hor- 
mone concentration m given extracts 

Larvae and pupae of D melanogaster contam an intracellular 
enzyme which inactivates the hormone in the presence of molecular 
oxygen The hormone is not oxidized under ordinary conditions 
with either molecular oxygen or hydrogen peroxide 

The hormone has been found to be an amphoteric compound with 
both aadic and basic groups and with a molecular weight between 
400 and 600 

The solubihty and preapitation reactions of the hormone suggest 
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Its ammo aad like nature However, the mstability to heat, acid, 
and alkali, and its rather restricted occurrence indicate a rather 
complex specific structure 
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BIOELECTRIC POTENTIALS IN HALICYSTIS 
VII The Eitects of Low Oxygen Tension* 

Bv L R. BLINKS SI L DARSIE Je., and R. K SKOW 
(From the Jacques Loeh Lohoraior/f Bopktns Afartne Station, Stanford University, 
California and the Bermuda Biological Station for Research Inc , Bermuda) 

(Accepted for pubftcahon, August 8 1938) 

Previous work* has shown that the existing or experimentally 
altered gradients of inorganic ions or other substances between the 
environment and the vacuolar sap of impaled cells of Hahcyshs have 
httle influence upon the large and steady potential difference meas- 
urable across the protoplasm The idle of the latter, with its in 
herent gradients and asymmetries was therefore emphasized in the 
earlier title of this senes “protoplasmic potentials " Although it 
seems desirable to alter this to the more general term now used, it is 
particularly the “protoplasmic” aspects which will be considered in 
the next several papers Smce the cell’s E Jl r can drive an appre 
aable current of S to 10 microamperes through a completed arcuit 
for many days, a source of energy, eventually metabohc, is indicated 
Agents affecUng metabolism, such as oxjgen tension, temperature, 
hght, inhibitors, and stunulants, will therefore be discussed m the 
next few papers, with a view to mdicatmg how metabohsm may 
produce or alter the bioelectnc potential 
The present paper is restneted to the effects of altered oxj gen ten 

* Aided by a grant from The Rockefeller Foundation 
' Blinks L R , J Gnt Physiol 1934-35, 18, 409 

This refers to the steady potential maintained when the vacuole is perfused 
with sea water or when vacuolar sap is placed outside the cell There are Iran 
sient decreases of a d produced by dilution of sea water, and bj potassium and 
other salts butthepji soon recovers much of its original value probably because 
penetration or loss of the salts concerned soon equalizes the disturbed gradient 
But recent work with sulfates has produced a nearly constant altcraUon of rm 
due to the very low mobihty and slow penetration of the sulfate ion The presence 
of other slow moving aruons in the protoplasm may account for the normal vjr 
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Sion Some of the results have been described m a preliminary 
note ,2 time curves are now given for these, as well as for experiments 
involving the concurrent effects of other agents affecting the poten- 
tial, such as KCl, sulfates, ammonia, and current flow, applied with 
a view to analyzmg the mechanism and locus of the changes pro- 
duced by low oxygen tension 


METHODS 

The methods are essentially the same as those previously employed ® Elec- 
trical measurement was by compensation with a sensitive galvanometer as null 
mstrument, more recently records have been taken with a speaally adapted Leeds 
and Northrop "Micromax” automatic recording potentiometer making an adjust- 
ment every 3 seconds Both of these methods involve a slight current flow during 
brief periods of unbalance when the potential is changing rapidly, but the results 
differed in no respect when records were taken with a vacuum tube electrometer 
This identity could be predicted from the detailed study of current flow effects 
m this organism * Indeed, there is usually no difference between the p d as read 
by compensation and that from the deflection of the galvanometer when com- 
pensation is removed, except under certam conditions of low oxygen tension which 
will be mentioned below In this case it was actually the mabihty of the cell to 
maintam a corresponding uncompensated deflection, that indicated increased 
polanzabihty, and was tested m the D c bridge ^ 

For altenng oxygen content of the sea water bathing the cells, gas mixtures 
were bubbled through closed vials of about 25 cc volume, aU openings except 
a small vent being vaselined Tank oxygen, air, and two different commercial 
nitrogens were used, one (Linde) with about 2 per cent O 2 content, the other 
(Ohio Chemical Co ) with about 0 2 per cent O 2 The latter two were particularly 
convenient, giving close to the upper and lower p n limits respectively with many 
cells Mixtures were made by countmg the bubbles of the two gas streams 
emerging in separate vessels from equal sized orifices, as shown in Fig f, and mix- 
mg in a Y connector Purification to lower O 2 content, when necessary, was done 
by bubbhng the Ohio nitrogen through an absorber (“Oxsorbent,” or acid chro- 
mous sulfate plus amalgamated Zn which do not absorb CO 2 or produce CO, like 
alkalme pyrogallol) The actual O 2 content of the sea water was also directly 
tested by Winkler titration of a sample carefully withdrawn, with a minimum of 
contact with air Still more convenient, as being applicable in one of the closed 


• Blinks, L R , and Darsie, M L , Jr , Proc Soc Exp Biol and Med , 1937, 
36, 522 

3 Blmks, L R , / Gen Physiol , 1933-34, 17, 109 
^ Bhnks, L R , / Gen Physiol , 1935-36, 19, 867 
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vials of the chain itself was the polarographic Os method of Vitek,® this has been 
employed for several years m respiration studies m the Stanford department of 
Physiology ® and it deserves wider use in biology 

For altering solutions m equilibrium with low 0 tensions without admission 
of air during the change, the tram of vessels shown in Fig I was employed The 



Fig 1 Apparatus for altenng the oiygcn content of gas mixtures, and for 
changing solutions m equilibrium with these mixtures, without exposing cell or 
solutions to ait Descnption of its use is given m the text The glass nng sup 
port for the cell (C) and agar salt bridges making electrical contacts are omitted 
to avoid crowdmg the diagram (Shown m a precedmg paper *) Vials H and 
III may also he used for purifying gases by absotbmg 0 , CO 3 etc, 

cell m vessel I was preceded by several other vials each with a smtered glass or 
fine nozzle bubbler and contammg a desired solution eg, K.C1 \Vhen the 

® Vitek, V CoU Czechoslovak Chem Communications 1935, 7, 537 Also 
Chtmte et tndustrte, 1933, 29, 215 

•Baumberger J V , and MUUer O , reported at the wmter mectmg of the 
Western Soaety of Naturalists Stanford University December 1934, and the 
XVI International Physiological Congress ZQnch 1938 

A modification of this method, usmg a stationary electrode for following very 
rapid changes of oxygen tension during photosynthesis, has been deacnbed re 
cently (Blinks L R,and Skow R K, Proc Not Acad Sc 1938, 24, 420) 
Just after the present paper was submitted Professor Famngton Daniels m 
formed us that he and his co workers at the University of Wisconsin had also been 
applying the method of Vitek for photosynthetic measurements reportmg it at the 
Dallas meetmgs of the Electrochemical Soaety, 1938 the Photochemical Con 
ference at Stanford Umversitj 1938 and the American Chemical Soaetj Mil 
waukee, 1938 Their descnption is m press (/ Am Chem Soc 1938) 
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p D bad dropped in the cell to a constant level, it was assumed that the previous 
\ essek were also m equihbnum with the gas mixture Vessel I was then emptied 
dosmg vent V nth a glass plug (F), the pressure of the incoming gas forcmg 
the sea water out through siphon S VTien I was empt>, vessel IE was mverted 
and Its solution was forced m through the bubbler Sea water, meanwhile held 
m vessel in, was restored bj similar mampulation Where less alteration of the 
ongmal sea water was necessarjq e g where a mixture of 1 part sea water and 
1 part 0 6 m KCi was desured, vial I had to be onl)' half-filled, then no siphonmg 
out of the fust solution vas needed, merely its fillin g from vessel H For still 
smaller modifications, e g aadification, or addition of ammoma, small amounts of 
solution could be safel}'^ mjected with a hypodermic s 3 Tinge through the vent V, 
msu&aent air bemg admitted to cause any change m p n (as tested with sea 
water mjection) The stud} of current flow effects durmg low O 2 exposures 
presented no difficulties, all necessary connections bemg made m advance 

A strong agar gel m the impalmg capillary helped prevent collapse of the cell 
durmg the changes of solution by the gas pressure developed m the vials 

Most of the measurements here reported have been made on H ovalts, of 
Califorma, but consistent results have been found m many cases with H Oster- 
houlii m Bermuda 

The experiments were made m darkness, or m very dim hght (1 foot-candle or 
less) too weak to affect the p n Greater lUummation, although with neghgible 
effect on the normal p D of Sahcyslts,^ may become highly effective under low O 2 
tension by restoring oxygen through photos)mthesis These and other light 
effects are resented for another paper Similarly reserved are the effects of tem- 
perature, which are agam not very great upon the normal p n of Habcyshs, but 
may markedly influence the level reached under low O 2 tension, or the speed with 
which It IS attamed (Indicated in a prehminary note The present experiments 
were performed at room temperature, usually between 15 and 20°C and not 
varvnng more than 1°C m a given experiment 

For comparison with the effects of low O 2 on p D , respnation measurements 
were made on smgle Eahcyslts cells m a Fenn respirometer, and on groups of four 
or five cells m Warburg manometer vessels On the whole, the respnation rate 
fell off at about the same O 2 tensions as did the pj> It was also found that 
oxygen consumption was markedly enhanced for some time (even for several 
da}s), after the cells ivere unpaled, later falimg off to nearly the rate found before 
impalement This agrees with the greater sensitimty of the cells to lowered O 2 
tension soon after impalement, and with other bioelectnc properties at this tune 
Detailed report of the respiraUon measurements will be given m another paper 

Geiieral Effects of Oxygen 

It has been realized for a long tune that large plant cells like Valoma 
and Hahcyshs ha} e a very small respiration m relation to their vol- 
ume, It IS not inappreciable, however, amounting to 1 or 2 mm ® 
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0 per hour per cell of 0 S cm * volume Considering that the im- 
mense vacuole may occupy 99 per cent of the cell’s volume, this is 
probably as high per unit volume of protoplasm as in many manne 
algae Nevertheless, the actual O consumption is so small that the 
cells may be kept for many days m a sealed vial of 25 cc sea water 
without effect upon the pji , which remains also much the same 
whether the solution is stirred, aerated, or bubbled with pure Oj gas 

It IS only when cells are confined m a very small volume, e g of 

1 cc or less, that the p n may fall overmght due to 0 exhaustion 
If, however, a more actively respiring organism, such as Uha or yeast 
IS also included m the vessel, the pm of Haltc^sits may drop very 
quickly on standmg, to be restored by aerabon (or hght) Although 
these experiments suggest that the pm is sensibve to reduced Oj 
tension, they are not free from the possibihty that COj or other 
products of the cell itself or of other organisms may be responsible 
for the fall of p d , these bemg blown out or oxidized on aerabon 

Experiments involvmg defimte Oj content of the sea water, m equi- 
hbnum with known gas mixtures, were therefore undertaken The 
first gas employed, “Lmde" mtrogen containmg about 2 per cent 
Os, held the pm at pracbcally the same \ alue as in air as long as it 
was acbvely bubbled When bubbling was stopped, the pm began 
to drift downward (Fig 2) The speed with which this occurred, 
and the eventual level reached were not perfectly constant from cell 
to cell The sex of the plant (as mdicated at its previous reproduc 
bve period) may be of influence here, female plants bemg apparently 
more sensibve, and havmg a higher respiratory rate, possibly because 
of the heavier masses of unliberated gametes often remammg m the 
vacuole The length of time after mserbon of the capillary is also 
important freshly impaled cells are more sensibve to partial lowering 
of Oj tension than are those which have stood for a longer tune 
This again is conelated with an mcrcased respiratory rate soon after 
impabng (see Methods above), which would dnve the Oj level down 
faster m the vicimtv of the cell It might be thought that the freshly 
healed region m the vicmity of the capillary is more readily mjured 
by low Oj tension than the rest of the cell surface, and so introduces 
a short arcuit to the remaimng potential source, but resistance 
measurements (see below) do not radicate this 
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After recover}’-, the effects of fresh impalement may be simulated 
by twistmg the cells upon their capillary agam 
As shown m Fig 2, restoration of higher O 2 tension around the cell 
restores the p d , whether the sea water is merely agitated by Stir- 
ling (with a gas-tight stirrer) or by resumption of bubbhng of 2 per 
cent O 2 in nitrogen The fall and recovery can be repeated many 



Fig 2 Graph showing the fall of potential difference across the protoplasm of 
an impaled cell of Hahcyshs ovahs, when bubbhng of 2 0 per cent O 2 in Nj is 
stopped (at first arrow) "When the solution is quiet the cell consumes o'? 3 '^gen 
faster than it can diffuse m, and the p d drops to 10 mv positive On stirrmg the 
sea water (with a gas-tight stirrer), the pn first falls abruptly (or e\en slightly 
reverses), lien rapidly recovers On cessation of stimng it falls agam, at 40 mv 
stirring is resumed, producmg a small downward cusp, then a rapid recover> 
(Bubbhng of 2 per cent O 2 has the same effect as stimng ) 

The ordmates are p d in milhvolts, the positive sign that of the ceU extenor 

tunes with excellent reproduction of the tune curves The downward 
cusp at the re-mtroduction of higher O 2 , which carnes the p n lower 
before it restores it, is a characteristic which will be discussed later 
Smce the fall of p d on cessation of bubbhng does not give exact 
information on the O 2 tension adjacent to the cell when the p u has 
dropped to various levels, active bubbhng was contmued with vanous 
mixtures of 2 per cent and 0 2 per cent O 2 m nitrogen, by means of 
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the bubble counting mixer of Fig 1 With a 1/1 mixture, giving 
about 1 1 per cent 0 , the p d was usually no longer maintained, but 
fell off to around 2/3 its value m air, as shown in Fig 3 0 5 per 

cent Oj dropped the p j) to a still lower level, almost to that produced 
by 0 2 per cent Oj And still lower O 2 tensions, produced by ab 
sorbmg most of the O from “Ohio’* nitrogen, or allowing the cells 



Fio 3 Graph showing pj across protoplasm of impaled E oiahs cell m sea 
water equihbrated for long periods with 2 per cent, 1 1 per cent and 0 2 per cent 
O 2 m Nj 2 per cent Oj had been bubbled for 4 hour previous to the beginning of 
the graph without teduang the p d appreciably below the value m aerated sea 
water 0 2 per cent O was then bubbled, and the p n slowlv fell during 2 hours 
to the constant value of 19 mv A 1/1 mixture of the two previous gases was then 
bubbled (in the apparatus of Fig I) After the usual downward cusp, the p v 
rose to 55 mv and remained there for § hour constant bubbhng 2 per cent Oi 
was then restored and the p d proraptlj rose to its ongmal Ie\ el (with a shght 
overshooting) Intermediate mixtures of 3/1 and 1/3 of the 2 ongmal gases 
givmg 0 65 per cent and 1 55 per cent O produced intermediate levels between 
these pj) values 

Ordinates are millivolts P d (outside of cell positive) Time intervab 10 
minutes Arrows mdicate change of gas mixture 


to respire it, did not decrease this pjd much below 5 or 10 mv , at 
least for periods of an hour or longer From all these e'^osures, 
good recovery occurred when Oj tension was again raised, either to 
2 per cent O 2 , or to 20 per cent (air), still almost invariably with the 
prehmmary downward cusp (Fig 4) 
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It should be pointed out that equally prompt and complete re- 
covery of P D IS obtamed if oxygen is restored, not m the sea water 
around the cell, but by perfusion^ of aerated solution (sap or sea 



Time 


Fig 4 Graphs showing fall of p d in impaled cells of H ovahs, when 0 2 
per cent O 2 in Nj is substituted for 2 per cent O 2 (each bubbhng contmuously) 
In A the fall of p n m 0 2 per cent O 2 is rather slow the fimt tune, possibly because 
air had not been thoroughly exhausted from the vacuole, although 2 per cent O 2 
had been bubbled for i hour previously (without reducmg the p n below the a: 
value) After recovery in 2 per cent O 2 , the second fall m 0 2 per cent O 2 is faste: 
and reaches a lower level Note the downward cusps preceding recovery in eac 
admission of 2 per cent O 2 

In graph B, another more sensitive cell is shown This had 70 mv pm 1 
aerated sea water, which fell to 60 mv m 2 per cent O 2 The fall on bubbhn 
with 0 2 per cent O 2 is much faster and the P n drops to 10 mv Readmission c 
2 per cent O 2 promptly restores the p d The reproducibihty of the curves and c 
the levels reached m each case are noteworthy 

Ordmates are p n m milhvolts, the sign, outside of cell positive Arrows mdi 
cate change of the gases bubbled 
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■water) in the vacuole (Fig 5) This indicates that an o'tygen gra- 
dient, as such, IS not concerned m the maintenance or restoration of 
the p D , since Oj can be supphed from either side of the protoplasm 
Some other gradient or structure must be responsible for the elec- 
trical asymmetry of the cells 



Fio 5 Graph showing course of pj> across protoplasm of cell of B mdu 
impaled on a double capillary penruttmg perfusion of solutions m the vacuole 
At the start of the graph 0 2 per cent Oa m Na has been bubbled for 15 minutes 
outside the cell and the p D has begun to faff This contmues unfd the pjj 
reaches about 8 mv , at which time (P) aerated sea water is perfused m the vacuole 
of the cell, the pj) quickly recovers although 0 2 per cent Oa conUnues to bubble 
outside the cdl At (Q) perfusion is stopped and the vacuolar solution remains 
quiet, the pj> promptly drops agam as oxygen is consumed from the vacuole. 
At (P) perfusion of aerated sea water is a^in started, but bubblmg is stopped 
outside the cell the pj) rises agam, although the normal oxygen gradient is now 
reversed At (Q) the perfusion is agam stopped and the p n falls At {A) the 
outside sea water is aerated, and the pJ) rapidly nses to 82 mv 

The designations and horizontal arrows at the bottom of the graph refer to the 
state of the sea water outside the cell Ordmates are p d m millivolts, outside of 
cell positive Tune mtervals 10 minutes 


It IS perhaps desirable to discuss at tins point the rdle of “injury” 
in the fall of p d during exposure to low Oj tension There is no 
doubt that injury eventually occurs when cells are deprived too long 
of ox>gen There may be visible evidence such as small holes in the 
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protoplasm, or its pullmg away from the mserted capillary In such 
cases it is easy to see why the p d may be lowered by short circuits 
through these visible, or invisible leaks Usually there is no recovery 
when oxygen is restored to these cells, their p d soon drops close to 
zero (not 5 or 10 mv constantly maintained as in 0 2 per cent O 2 ), 
and their effective resistance is very low 

It IS quite otherwise with cells showmg reversible depression of 
p D m low O 2 tensions Cells have been so kept for many hours or 
even overnight, showing the same low positive p d of 5 to 10 mv , 
and then recovermg promptly when aerated It is not likely that a 
partial short circuit due to injury would remain so long constant 
Furthermore, as seen m a later section, the electrical resistance of 
such cells IS higher, not lower, than normal Finally, they maintam 
this low positive value in low O 2 under conditions when they may 
display a negative P n when oxygen is restored This could not 
possibly be due to a reduction of the “aerated” value by partial short 
circuits This decisive behavior is seen in the next section 

Combined Ejffects of Ammonia and Low Oxygen Tension 

An earlier paper^ has described the reversal of p d produced by 
small concentrations of NH4CI in the sea water Sharp thresholds 
characterize both the reversal and recovery of positive p n , and the 
reversal may be repeated many times, or continued an hour or more 
at a time without apparent injury of any sort It became of interest 
therefore to combine this treatment with that of low O 2 tension, 
seeking answers to the following questions 

1 Does the presence of sub-threshold ammonia concentration in 
any way influence the sensitivity to low O 2 , either in the effective 
tensions for fall of P D , the speed of fall, or the p d level reached? 

2 Conversely, does low O 2 tension alter the sensitivity of the cells 
to ammonia, i e , increase or decrease the threshold, or change the 
level of P D reached? 

3 Especially, when definitely superthreshold ammonia concen- 
trations have reversed the p D , does lowenng the O 2 tension merely 
lower the reversed, negative p n to about the same extent as it does 
the normal positive p d , or does it abolish the negativity altogether? 

In answer to the first question, very small amounts of NH4CI were 
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added to the sea water, tn concentrations from 0 0001 to 0 0005 M, 
IV inch are too low to affect the p d appreaably Thereafter, lower- 
ing the Oj tension produced much the same effects as in untreated 
sea water, the p D fallmg off at the same rate, and reaching the same 
low levels, except that the ammoma appeared to exaggerate the 
“hump” sometimes found (Fig 6, dotted curve) which cames the 
p D to a somewhat loiv er level than it finally attains, during continued 
bubbhng of 0 2 per cent 0 j Also, recovery m air tended to gi\ e a 
more pronounced downward or even reversed “cusp” on first ad 
mission of air, preceding the rapid recovery of P D The significance 
of these changes is seen when shghtly higher ammonia concentrations 
are applied, and they suggest the r61e played in these anomahes of 
the p D curv es by the small amounts of ammoma often found in the 
^ acuoles of Haltcxslis cells 

At higher ammonia concentrations, dose to threshold for reversal, 
a more compheated interplay of the two treatments occurs, which 
may be due to acidity An example is shown in Fig 6 A cell 
exposed to ammoma just insuffiaent to reverse its p d alone, is often 
found to undergo temporary reversal when 0 2 per cent Oj is first 
bubbled, but continued bubbhng brings the p D back to positive val 
ues, about those reached m the absence of ammoma Remtroduction 
of 2 per cent Oj, espeaally if slowly bubbled, may agam produce 
temporary reversal (as shown in Fig 6), but continued bubbling, 
at this or higher Os tensions, restores positive PJ) 

This remarkable behavior is not always found, smee conditions 
have to be adjusted so that the ammonia is dose to threshold and 
remains near there during the bubbling (it was tested at the end of 
the run by Nessler reagent and found very little lowered in concen 
tration) The suggested interpretation is as follows In air, slightly 
sub threshold ammonia is unable to alter the pH of the protoplasm 
quite enough to produce its effects, but when respiration is decreased 
by lowering the oxygen supply, less COj is produced, and the am 
monia now becomes effective, with reversal of p d This is only 
temporary, however, possibly because suffiaent anaerobic acidity 
devdops to counteract the ammoma alkahnity, but more likely 
because later anaerobic changes inhibit the potential mechanism 
upon which the ammoma normally operates The F D therefore 



266 


POTENTIALS IN HALICYSTIS VH 


returns to the low positive value characteristic of 0 2 per cent O 2 
On restoration of 2 per cent O 2 , the reverse cycle occurs as the am- 
monia becomes again effective upon the recovenng potential mecha- 
nism, or as anaerobic acidity disappears Then as CO 2 is produced in 



Fig 6 Graph showing course of p d across the protoplasm of impaled cell of 
E avails when 0 2 per cent O 2 m N 2 is bubbled in the presence of 0 0005 M NH 4 CI 
m the sea water (sohd Ime) All gases mcluding air, were bubbled through KOH 
previously to remove CO 2 and avoid complications due to changing the pH This 
low concentration of ammonia scarcely influences the normal p d (m sea water, 
S W ), reducing it by 8 mv , to about 70 mv (positive) On bubblmg with 0 2 
per cent O 2 , how'ever, the p d not only begins to fall, as would be expected with 
low oxygen tension, but temporarily reverses m sign, becommg 25 mv negative 
before retummg to the usual low positive value On bubblmg with 2 per cent O 2 , 
the usual downward cusp becomes exaggerated into another temporary reversal 
(25 mv negative again), before recovering, with an overshootmg, to its original 
value m air Sea water restores normal p v 

For companson, the dotted hne mdicates a characteristic tune course when a 
very little ammonia is added to the sea water, showmg residual signs of the re- 
versal, m the “hump” dunng the fall, and the cusp preceding the recovery of p n 
It seems possible that such residual effects are often due to the small amount of 
ammoma present m the vacuole and protoplasm of many cells See text 

Ordmates are p d m milhvolts, the sign bemg that of the cell extenor Arrows 
mdicate change of solution or of gases bubbhng 
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greater quantity, the ammonia is no longer etfective, and positive 
p D IS regained 

Another interpretation of the effects is that ammonia is used up, 
possibly m the formation of protems or other nitrogen compounds, 
durmg normal respiration, so that very low NHiCl concentrations 
are not effective m raismg the internal pH of the protoplasm When 
respiration is slowed up, however, such utilization of ammonia is 
also decreased and the internal pH is raised, causing p D reversal 
Then the potential source is affected m turn by the low oxygen ten 
ston, and the p D falls airaj to its usual low positive value When 
oxygen is restored, the reverse cycle is produced, the potential 
mechanism first recovers from anaerobic inhibition, whereupon the 
ammoma reversal becomes effective, then the ammoma is m turn 
attacked, and the p D recovers positive values 

Whether or not either of these explanations is correct, the eiqien 
mental fact is clear that oxygen tension can control the ammoma 
reversal, and at the threshold give nse to time courses more complex 
than those obtained with either ammonia or low Oj alone The 
importance of interacting factors is thus demonstrated 

With shghtly higher ammonia concentrations, the same tendency 
exists for reversal to be favored by low Oj tension, before anaerobic 
inhibition sets in But reversal, not recovery, occurs on readmission 
of air, as shown in Fig 7 0 001 m NHuCl was not quite suffiaent to 

reverse the P D alone, but bubblmg of 0 2 per cent Oj caused tem 
porary reversal, after which the usual low positive anaerobic p d 
appeared Readmission of air or of 2 per cent Oj caused the am 
moma negativity to appear, without later recovery to positive aerobic 
values Evidently the ammonia is now suffiaent to maintam nega 
tivity, even though it was not ongmally able to mduce it m air 
Such a hysteresis has been noted before, both with altered ammonia 
concentrations, and with current flow assisting reversal close to the 
ammonia threshold It will also be seen in the effects of temperature 
in another paper Here it imght be pointed out that the p d is able 
to become negative again even after the slight positive p n of low 
Oa tensions This probably indicates that the anaerobic p n is of 
another sort from the normal, upon which ammonia can operate 

The same inhibition of the ammoma effects is seen with higher 
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NH 4 CI concentrations, suffiaent m air to reverse the p d and main- 
tain it negative If reversal has already occurred during aeration, 
bubbling of 0 2 per cent O 2 brings the p n back to the usual low 



Fig 7 Graph showing course of pd across protoplasm of impaled cell of 
H ovahs when 0 2 per cent O 2 m N 2 is substituted for air in the presence of 0 001 
M NH 4 CI m sea water (Gases washed free of CO 2 with KOH to avoid complica- 
tions due to pH change ) This ammoma concentration is just below the threshold 
for reversal with this cell, droppmg the p d from 83 mv to about 70 mv (where it 
would stay mdefimtely m air) On bubbhng of 0 2 per cent O 2 , the p d not only 
falls, as would be expected, but first undergoes a strong reversal to nearly 40 mv 
negative before retummg to the usual low O 2 level of 10 mv positive Restora- 
tion of air then mduces a strong reversal, to 50 mv negative, which is again coun- 
teracted by 0 2 per cent O 2 2 per cent O 2 is also able to mduce negative p n 
Onlj' a lowenng of ammonia concentration is able to abohsh this negativity with 
higher oxj^gen tensions, although the negativity is only latent at 0 2 per cent O 2 
Ordmates are P d in milhvolts, the sign bemg that of the cell extenor Arrows 
mdicate change of solution or of gases bubbhng 

anaerobic levels, while bubbling of air again restores large negative 
values (much as in Fig 7) Or if the ammoma is added when the 
p D has been already lowered by 0 2 per cent O 2 , then it has prac- 
tically no effect, until oxygen is restored, whereupon the p n reverses 
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There is merely a “latent” negativity dunng low Oj exposure, which 
requires oxygen for its development, and becomes latent again when 

01 tension is reduced 

This latent negativity holds true even for rather large additions of 
NHiCl, such as would produce almost instant reversal of fji in air 
(0 01 II or higher) There is not even the initial cusp which is found 
at low pH values,* hence attributable to ammonium ion rather than 
to the penettabon of undissoaated base This indicates that low 

0 2 has not only abolished the secondary effects of ammoma but also 
Us primary lomc mobility effects This suggests an alteration of 
the lomc permeabihty of the surface, which will be further discussed 
in the next section 

If ammonia is added to the sea water when low Oj tensions have 
had time to carry the P D down only part way, c g from 80 to 40 mv 
posibve, then there is usually a prompt reversal of p d , although not 
to its expected negative value, after which the p n drifts downward 
and becomes agam posibve at its usual anaerobic level In other 
words the ammonia response 15 lost about in proportion to the loss 
of posibve p D 

It should be noted that the direction of the responses to low and 
high oxygen tensions, in the presence of superthreshold ammonia, 
IS the opposite of that in the absence of ammonia The curves are 
nearly mirror images of those m normal sea water Ammoma, has 
reversed the oxygen response 

Effects of KCl dunng Exposure to Low Oxygen Tension 

Increased KCl concentration was chosen as an agent which alters 
the potential almost certainly ma the differential mobility of K+ and 
Cl" 10 ns in the surface of the cell Its effect on the P D has been 
descnbed (for both speaes of Hahcystisy as an initial sharp cusp which 
decreases the positive P n (or even temporarily reverses it slightly), 
after which all or nearly all of the posibve p d is regamed dunng 
S or 10 mmutes The recovery no doubt represents the entrance of 
potassium into the protoplasm, largely equalizing the initial gra 
dient , the entrance appears to be more than simple diffusion, and ptob- 

* Blinks L R , / Gen Physiol , 1932-33 16, 147 OUerhout, \V J V , / Gen 
Physiol 1937-38 21, 631 
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ably tbe normal accumulatory mechamsm for potassium is con 
cemed As such, the duration of the cusp is sensitive to metabohc 
influences {c g , temperature, in a way to be described elsewhere) 
The cusp probably reflects the high mobihty of the K+ ion with re 
sped to the Cl" ion, and therefore is dependent on the speaal proper- 
ties of the cell surface producmg this It was clearly desirable to 
study the effect of lowered Oj tension upon the cusp, and if it per- 
sisted, upon the recovery curve 

The results are shown in Fig 8 A KCl cusp and recovery curve, 


Fio 8 Traangs of automatic potentiometer (“Micromax”) records of tn 
(hanges m impaled cells of H ovalts when sea water containing 0 2 m KCI (1 part 
0 6 m KQ to 2 parts sea water) is subsUtnted for normal sea water (S W ) under 
aerobic condibons and when the p d has been lowered to vanous values by bub 
blmg with 0 2 per cent O 2 Curve A shows a complete experiment where 02 M 
K.C1 is first apphed in aerated sea water decreasmg the original p D from 77 mv 
to 40 mv , followed by a recovery to 65 mv Replacing sea water then produces 
a reverse cusp and a return to normal p d 0 2 per cent Oa is then bubbled through 
the apparatus of Fig 1, carrying the pd down to about 12 rav At this time 
sufBaent 0 6 u KCl (also m equiUbnum with 0 2 per cent Ot) was run into ^^al I 
to bring the KCl concentration to 0^ M A greatly reduced cusp ensues with 
about half the height as with aerated KCl, and a partial recovery ^Vhen air is 
bubbled through the system, the p d recovers to about the value reached formerly 
with KCl m air, and readmission of aerated sea water restores it to 78 mv After 
20 mmutes delay (shown by the interrupted curve), duphcation of the first KCl 
cusp m air is then seen, indicating the cell has recovered its large response to 
KCl The response is smaller if KCl is apphed earher 

If the pu) is not allowed to drop to as low a level, through shorter bubbling 
or m a less sensitive cell (curve B), the KCl effect is much greater than m curve A 
The cusp IS also lengthened an effect discussed m the text 

On the other hand m curves C and D where low O 2 tensions have reduced the 
p D to still lower values than m A, tbe KCl cu p is also much smaller, and the 
restoration of sea water gives a smaller recovery The apparent mobility of K 
with reference to Cl is lower when the p d drops m low O 2 

Arrows mdicate change of solution or of gas bubbling, tbe duration of the latter 
being also mdicated at the bottom of the graph for curve A The fall of pji 
m the other curves has been omitted to avoid confusing the graph, but was much 
like those m Figs 2 4, etc. 

Ordinates show pj) inmilhvolts tbe sign being that of the cell extenor Time 
intervals 10 mmutes Automatic balance of the potentiometer every 3 seconds 
obviates the necessity of showing observed pomts, the lag of the instrument is 
usuaU> not over 30 seconds, m foUowmg curves like these 
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With the replacement of sea water afterward are first shown m air 
(A) Then the cell was exposed to low oxygen tension after which 
the KCl content was again raised to 0 2 m by means of the senes 
vials shown in Fig 1 If this is done before the p d has fallen very 
low, a large response still obtains (curve B) Possibly the long 
duration of the cusp is due to decreased accumulation of potassium 
in the protoplasm, even though the K+ ion mobility is still large in 
the surface If the p d is first carried still lower, however, the KCl 
cusp is considerably reduced, as in curve A, if allowed to reach its 
constant anaerobic level, the cusp is greatly flattened indeed, and 
recovery is very slow (C and D) 

This result clearly shows that the response of the cell, and probably 
the nature of its surface, has been altered as the result of low O 2 
tension, m a direction to dimmish the mobility or the concentration 
of K+ with respect to Na+ It is shown later that = Fci and 
is not affected by low oxygen tension and since the concentration of 
Cl IS presumably constant m the protoplasmic surface, the most 
probable assumption is that Z/k is lowered 

On re-admission of oxygen, the KCl effect also reappears (Fig 
8 A), but not as rapidly as the p d itself recovers This lag both 
in the falhng phase (Fig 8 B), and in the recovery may well indicate 
that K+ vs Cl~ is not largely responsible for the normal p D , and 
contrasts with the sulfate effects next described 

Effects of Sulfate vs Chloride during Low Oxygen Exposure 

It would be desirable to supplement the potassium ion effects with 
others, especially with those of dilute sea water which gives in Valonia 
such beautifully reproducible effects almost certainly to be referred 
to the much greater mobility of Cl" than of Na+ (If Fci = 10, 
then = 0 2) 

But in Hahcystis, and especially in E ovalisf there is often little 

®In H OslerhoiUtt, there is often a transient reduction of r n when dilute sea 
water is apphed, this is dependent upon the isotonic solution used as diluent, 
mannitol, glycerol, glucose, and other non-electrolytes giving different values 
(Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 75) They possibly alter 
the surface in different manners, but it would be interesting to see what the effect 
of low O 2 would be, and it is planned to do this in the future on this species In 
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effect of diluting sea water with isotonic glycerol, etc , so that U„, 
may be assumed to equal Vci This indifference persists under low 
Os tensions, so that httle can be said about the changed mobihties 
of Na and Cl Either they are not altered at all, or they are both 
reduced equally by low Os The latter seems more hkely in view of 
the mcreased electrical resistance, and of the sulfate effects now to 
be descnbed 

It was recently found that large, proportional and extremely re 
produable alterations of p D could be produced m B avahs by sub 
stitution of sulfate for chloride in an artificial sea v ater The changes 
are almost certainly to be referred to the much greater mohihty of 
Na+ than of S0< — in the outer protoplasmic surf ace (Vacuolarper 
fusion of sulfates has little effect ) When the p d is lowered by 
low O 2 tension, and the sulfate substitutions made, a greatly de 
creased effect is obtained, indicating an approach of 1 /n* ^nd VsOf 
The resistance also rises, as shown in the next section, arguing for a 
decreased mobility of Na+, rather than an mcrease of SO« — , m this 
approach 

On re admission of air, the sulfate effect reappears fart fassu 
with the recovering P D (as it also deaeases in low 0 ) This con 
trasts with the more laggmg KCI effect descnbed above, and makes it 
seem likely that Na, and some slow moving amon like sulfate (possibly 
of an organic aad) may be responsible lor the normal p n 

Further details of the sulfate effect are reserved for another paper 

Eleclrtcal Resistance during Exposure to Low Oxvgen Tension 

Intact cells of Bahcystis show an appreciable resistance to the flow 
of continuous current, although not as high as in Valonia, and much 
below that of Ntiella (The lower resistance may correspond with 
the appreaably higher NaCl content of the saps, the protoplasm 
allowing penetration of Na+ and Cl“ ions ) The impaled cells have 
even less resistance, this has been shown m terms of “polarization” 

B avails the apphcation of lery dilute sea water, or the pure isotonic non dec 
trolytes mentioned produces a very drasbc and irregular effect on the p n , which 
IS also believed to be due to alteration of the surface and 15 partly counteracted 
by adding calcium salts But smaller dilutions usually have little effect 
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or counter-E M e by stnng galvanometer records* which mdicate that 
currents of 5 or 10 microamperes per cm ^ of cell surface change the 
PD but shghtly, and m a verj'- slow tune course (= large effective 
capacity) 



Fig 9 Diagram sho^mg the concurrent change of p n across the protoplasm 
of unpaled cell of Habcyslts, and the counter-E m f developed by a flow of 20 
rmcro-amperes passed mward across the protoplasm mane bridge (Ohmic 
resistances of capillar}% etc balanced out ) The high i> D is veo’’ httle altered b}’ 
fbw current flow in aerated sea water, only about 4 mv counter-E if f developing 
(equii'alent to 200 ohms effective resistance) But when 0 2 per cent Os in Ns 
is bubbled, the p n begins to fall, and the counter-E m f nses reaching its high^t 
Amlue, 140 mv (equivalent to 7,000 ohms effective resistance), when the P n 
has fallen to its lowest \ alue (6 mv ) It then begms to fall sbghtly as the P n 
nses 

I\Tien air is re-adimtted, the counter-E u F in turn drops off as the p n recovers 
The cj cle is repeated on second bubbhng of 0 2 per cent Os, and readmission of air 

Left-hand ordmates are p d and counter-E ir F m millivolts At the right the 
effective resistance, calculated from the counter-E u F , is also given p n is blach 
circles, counter-E u f or resistance open aides Arrons mdicate the tune of 
admission of mtrogen or an 

It ATOuld be difficult to detect an increased lomc permeability 
under these conditions, since the effective resistance is already so 
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low that reductions might be insignificant, and within the limits of 
error However, it was earlj discovered that the uncompensated 
p D of Baltcyshs was much less able to produce a steady galva- 
nometer deflection dunng loiv Os tensions, than when well aerated 
This mdicated an mcreased polanzabihty, which iv as directly tested 
mane bridge durmg nitrogen bubbling It was found that the 
resistance rose remarkably as the p n fell, and eventually the cells 
were able to give large, prompt polarizations of 100 mv or more, as 
compared with a few milhvolts when aerated 

The course of such a resistance change is shown in Tig 9, plotted 
both m terms of counter e u F developed, and in ohms effective 
resistance An mcrease of 30 fold or more occurs during low oxy 
gen exposure, with recovery of low resistance on aeration It is 
dear that a decreased, rather than increased passage of ions occurs 
under low Oj tension This is true both m the presence of sea water, 
KCl nch sea water, and sulfate sea water An exdusion of ions 
would thus seem to be mdicated, and could account for both the 
resistance nse and the p n fall 

The possibility is not exduded that a supply of internal ions, either 
organic or morgamc, did most of the current carrymg during aeration, 
but decreased dunng exposure to low Oj tension But there is no 
direct evidence on this pomt, while the altered lomc mobihties of 
H, Na, etc , are dear 


niscossiON 

The foregoing data show bejond question that many of the dec- 
trical properties of Ealicvslis cells are dependent upon the mainte 
nance of small, though defimte oxygen tensions (e g , 1 to 2 per cent 
Oj in Ns) outside the cells It is reasonable to presume that this 
mvolves respiration, smee oxygen consumption remams constant 
under higher Os tensions, but falls off when the oxygen tension falls 
below a certam value and the dectneal properties are also affected in 
this region This is hardly surpnsmg, smee the output of electrical 
energy is appreaable, and there must be some metabohe source for 
It Furthermore, anaerobic respuration, if present, is not able to 
maintain more than about 20 per cent of the p n found m air The 
important pomt for discussion is the mechanism by which respiration 
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and p D are related At least two main possibilities suggest them- 
selves (or with their combination, a third) 

A Respiration maintains a gradient of ions, either organic (in- 
termediate metabohtes) or inorgamc (possibly m connection with 
electrolyte accumulation) which is responsible for the p n ^Vhen 
oxygen is lacking, these gradients are reduced or abohshed, to re- 
appear on aeration 

B Respiration mamtains the remarkable protoplasmic surfaces 
which are responsible for many of the umque properties of the cell 
When these properties are lost or altered, the p n drops, disappears, 
or reverses 

C Both gradients and surfaces are altered, simultaneously or in 
succession 

It IS easier to speculate concermng A than to adduce definite proof 
Until we are able to identify some specific lomc gradient as the source 
of the P D , we shall not be able to say much concermng its alteration 
under metabohc influences Formally, the disappearance of such 
active ions would account satisfactorily for both the fall of p n and 
the nse of effective resistance (there being fewer ionic earners of the 
current which could pass the surface) However, it is difiScult to see 
why the reduction m numbers of mtemal ions should so strikingly 
influence the effects of ions apphed externally Since there is defi- 
nitely some alteration m the response of the cell toward external ions, 
referable to changes m the surface properties, the prmciple of least 
causes (Occam’s razor) suggests that we explore this possibihty fully 
before postulating an unknown, internal change in addition 

If surface changes be accepted as adequate to account for the al- 
tered P D and resistance, it is important to know by what mechamsm 
these are effected under reduced oxygen tension Here again we can 
only speculate, concerned as we are with the very nature of the sur- 
face, and Its ongm, mamtenance, and alteration under metabolic 
influences That it should bear such a relation is not suipnsmg, 
smee It is without doubt a complex hpoid in some manner built up by 
the cell itself, perhaps also constantly disappeanng dunng metab- 
ohsm There is no reason to think it is a stable secretion like cellu- 
lose or chitm (although these also may have their intimate relation 
with the protoplasm) Its ease of formation when the ceU is cut. 
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etc , suggest a large reserve and ready mobdizafaon o{ surface mate 
nals, but -what the relation of this mobihzation may be to metabohsm 
IS not known Evidently the surface is not destroyed by low Oi 
tension, on the contrary, the nse of resistance indicates that it be- 
comes a more effective barrier, at least to the passage of ions 
This might be due to thickenmg, dehydration, or lowenng of the 
dielectric constant of the surface, or to a change in charge, number 
or size of “pores ” In any case the cell is apparently protected 
against the loss of accumulated ions, or entrance of excluded ones, 
during temporary anaerobic conditions (cf Cowan'i) 

Probably the surface does not actually alter mechanically (surface 
tension studies would be valuable under anaerobic conditions), but 
some constituent is gained or lost The hypothetical substance 
“JJ” of Osterhout,* necessary for the manifestation of high K.+ mo 
bihty in Nttella, may be a product of respiration and tend to dis- 
appear under anaerobic conditions Or it may be that the surface 
gams rather than loses something, thus the addition of guaiacol or 
cresol alters many of the electrical properties of Vahma, includmg 
both K+ mobihty,*” and polanzabiUty “ While it is not suggested 
that a specific phenolic substance like these is produced anaerobically 
in Ealicystis, it is quite likely that some metabohte may accumulate 
with similar effects In general, any weak acid which can penetrate 
the cell tends to lower the p d , and mcrease the polanzabiUty of 
Bahcystts,^ lactic, pyruvic or other aads known to be involved in 
metabohsm may affect the surface similarly 

It was partly to test the possible rdle of mcreased anaerobic acidity 
that some of the ammoma experiments were performed (although the 
suppression of reversed p D may be merely another manifestation of 
reduced permeabihty to the lorac speaes involved) The mcreased 
sensitivity to ammoma dunng part of the anaerobic drop of potential 
scarcely agrees with mcreased acidity, although the later inhibition 
rmght be so explamed But it was found that previous exposure of 
the cells to weak aad {e g acetic) did not render them more sensitive, 

® Osterhout, W J V , / Gen Physiol , 1933-34 17, lOo 
‘ ' Osterhout, W J V,J Goi P/ijnoI 1936-37 20,13 But guaiacol docs not 
reverse the KCI effect m Baltcyslts J Gen Physiol , 1937-38, 21, 707 
“ Blinks L R. / Gen Physiol , 1935-36 19, 633 
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or quicker to lose their p d in low Oj tensions Probably the surface 
effects, though they resemble in some respects those produced by 
acidity, are due to some other anaerobic alteration The nature of 
this must wait for future investigation 

It may be that some of the electrical effects of low oxygen tension 
correspond to the effects on permeability described with other or- 
ganisms A slightly decreased permeabihty to glycerol was found 
by Hunterf2 m erythrocytes under anaerobic conditions, a greater 
difference might be found with more polar substances CoUander 
and Holmstrom^ describe a decreased absorption of several sulfonated 
dyes by plant cells under decreased oxygen tension Decreased ab- 
sorption of salts as well as of water by roots and other tissues when 
deprived of oxygen is well known It is planned to test the permea- 
bility of Eahcystts under low O 2 

Whether the surface alterations here invoked can account for the 
bioelectric changes produced by altered O 2 tension m other orgamsms 
(Lund,^'‘ Francis,^® Taylor,^® Cowan, Gerard,^® and others’®) must wait 
for future testing of altered lomc effects in those cases Theones 
based upon oxygen effects should not overlook this possibility how- 
ever 


SUMMARY 

The potential difference across the protoplasm of impaled cells of 
Haltcyshs is not affected by increase of oxygen tension in equihbnum 
with the sea water, nor with decrease down to about 1/10 its tension 

^ Hunter, F R , / Cell and Comp Phystol , 1936-37, 9, 15, where a few other 
papers are also quoted 

CoUander, R , and Holmstrom, A , Ada Soc pro Fauna el Flora Fenn , 1937, 
60, 129 

Lund, F. ,J Exp Zool , 1928, 61, 291 

Francis, W L , / Exp Biol , 1934, 11, 35 Francis, W L , and Pumphrey, 
R J , / Exp Biol , 1933, 10, 379 

Taylor, A B , / Cell and Comp Physiol , 1935-36, 7, 1 

Cowan, S L , Proc Roy Soc London, Senes B, 1934, 116, 216 The in- 
creased resistance in Halicyshs agrees with Cowan’s findmg that potassium was 
not lost from crab nerve during brief asphyxia, although the mjury and action 
potentials were depressed Long asphi'xia, however, caused its loss 

Gerard, R W , Am J Phystol , 1930, 92, 498 

Mansfeld, G , Arch ges Physiol , 1910, 131, 457 Furusawa, K , / Phystol , 
1929, 67, 325 
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m the air (2 per cent Oj m N ) When bubbling of 2 per cent 0 is 
stopped, the p d drifts downward, to be restored on stirring the sea 
water, or rebubbhng the gas Bubbhng 0 2 per cent Oi causes the 
p D to drop to 20 mv or less, 1 1 per cent Oi to about 50 mv Res- 
toration of 2 per cent or higher Oi causes recovery to 70 or 80 mv 
often with a preliminary cusp which decreases the p d before it nses 
Perfusion of aerated sea water through the vacuole is just as effective 
in restoring the p D as eatemal aeration, indicating that the direction 
of the oxygen gradient is not significant 

Low Oj tension also inhibits the reversed, negative p D produced 
by addmg NHiCl to sea water, 0 2 per cent Oj bnnging this p d back 
to the same low positive values found without ammonia Restora 
tion of 2 per cent Oi or air, restores this latent negativity At shghtly 
below the threshold for ammonia reversal, low Oj may induce a 
temporary negativity when first bubbled, and a negative cusp may 
occur on aerabon before posibve p d is regamed This maj be due 
to a decreased consumption of ammoma, or to intermediate pH 
changes 

The locus of the p d alteration was tested by applying increased 
KCl concentrabons to the cell exterior, the large cusps produced in 
aerated solubons become greatly decreased when the p D has fallen 
in 0 2 per cent Oj This indicates that the onginally high relabve 
mobihty or concentration of K+ ion has approached that of Na+ m 
the external protoplasmic surface under reduced Oj tension Results 
obtamed with sulfate sea water indicate that Na'*' mobihty approaches 
that of SO 4 — m 0 2 per cent Oj pji measurements alone cannot 
tell whether this is due to an increase of the slower ion or a decrease 
of the faster itin A decrease of all lomc permeabiUty is indicated, 
however, by a greatly mcreased effective resistance to direct current 
dunng low Oj Low resistance is regained on aerabon 

The resistance mcrease resembles that produced by weak aads, 
cresol, etc Acids or other substances produced m anaerobiosis may 
be responsible for the alterabon Or a defiaency of some surface 
consbtuent may develop 

In addition to the surface changes there may be altcrabons m gra 
dients of morganic or orgamc 10 ns within the protoplasm, but there is 
at present no evidence on this point The surface changes are prob 
ably suffiaent to account for the phenomena 
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THE HSrrLUENCE OF THE MOLECULAR WEIGHT OF 
ANTIGEN ON THE PROPORTION OF ANTIBODY 
TO ANTIGEN IN PRECIPITATES 


H A Statistical Examination of Available Data, Including 
Some Previouslv Unpublished 

By william C BOYD and SANFORD B HOOKER 
{From the Boston University School of Medicine and the Evans Memorial, 
Massachusetts Memorial Hospitals, Boston) 

(Accepted for publication October 7 1938) 


In a previous publication (6) we called attention to the fact that 
the data then available on the ratio of antibody to antigen in neutral 
preapitates indicated that the ratio was iinportantl> influenced by 
the molecular weight of the antigen, further, assuming the molecule 
of antigen to be spherical and that m neutral mixtures its surface 
IS just about completely coated by a layer of antibody, each molecule 
of which IS supposed to consist of a limited number of flexibly con 
nected spheres of molecular weight equal to the “Svedberg unit" (at 
that time estimated to be 34,500), then it could be calculated by 
spherical tngonometry that the theoretical relation between ratio 
by weight of antibody to antigen and the molecular weight of the 
antigen should be approximately' 


V tan (39/2) tan' (8/2) J 
U 


where R represents the ratio by weight of antibody to antigen, M, 
the molecular weight of the antigen, sin 6 = p/(l + p)> "nd p = 
^34,500/11/ 

Later (34), Svedberg revised his figure of 34,500 to 35,200, and 


* This approximate fonnula developed by us is amply accurate for our purposes 
The general mathematical problem involved tvas too diflicult for us to solve and 
apparently has never been considered by any professional mathematician 
281 
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though the difference is not large, we have substituted the latter 
figure for 34,500 in all our present calculations 

To simphfy computation the above somewhat unwieldy expression 
can be replaced, with suf&cient accuracy in the experimental range, 
by the following empirical equation containing four arbitrary con- 
stants 

R = 37,800 8 + 179^-0 86 f2] 

The few data at first available (6) have now been supplemented by 
a relatively large amount of published material and we have ex- 
amined additional systems in order to test the apphcability of our 
theoretical relation Here, all the data at present available are 
analyzed to see if the ratio is closely connected with the molecular 
weight of the antigen, and if so, whether our expression has a reason- 
ably good predictive value 

Ratios for precipitates made at the constant-antibody optimum, 
and for precipitates made at the equivalence point (mid-pomt of the 
equivalent zone) are included In many cases these points appear 
to comade, but they may differ considerably The theoretical rela- 
tion holds much better for the “optimal” than for the “equivalent” 
precipitates in the case of Vtuparus hemocyanin Most of the 
pubhshed data do not afford a companson 

Summary of Data 

The following ratios, antibody (a5)iV/antigen {ag}N, are for rabbit 
antibody except where noted Rop signifies the ratio in precipitates 
made at the optimum, Re, the ratio m equivalent precipitates We 
have calculated for each antigen the mean of all the detemunations, 
though in some cases the difference between antisera, or the results 
of different expenmenters, makes this of doubtful utility 

Pnetmtococcal Carbohydrates — S III M (molecular weight) assumed to be 
about 4000 2 i?«, found (12), (faorse-autibody) 69, 85, 54, 76, 99, 85, (13)® 69, 

2 The molecular weight of these carbohydrates has not been finally determmed, 
and m any case evidently varies with the method of preparation In our original 
paper we assumed the molecular weight of S HI to be about 4,000 In a personal 
communication. Dr Heidelberger mforms us that he still considers that the true 
value is somewhere between 1,000 and 10,000 although the unheated viscous prep- 
arations must be many times larger 

sj? = ah Jag obtained by multiplymg the values given {ahN Jag) by 6 25 
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54 69, 76 84 54, 68, 66, 66, 63, 79 63 72, 59. (rabbit antibody) (17)’ * 44, 47 
54, 46, 52, 44 33, (horse antibody) 54 

SI (horse antibody) (17)’ ’34, (rabbit antibody) 18 
S VIII (horse antibody) (16)’ 46, 56, 42 
Mean 60 1 Predicted 59 5 
Oialbtimns {M - 40,500 (34)) 

Beti-Ovalbumin—R , » R„, found (35)' 9 8, 9 7, 9 5 9 7, 9 5, 9 8, 9 9. 12 3, 

9 4 11 3 9 6,92 102, 101 88 103,104, 102 (1)'109 106 147 12 1, 113, 

10 7, 13 6 11 1, 9 5, 10 2 10 3, (1S)‘9 0 9 6 13 9 9 8, 9 8 113, (21) 101 9 9, 
101 9 9 10 5,97,98 100 9 4, 96 9 7, 100, (25) 9 3 11 0 9 2 106 106 104, 
10 3,14 2 13 2,13 5,(8) 12 7, 13 2, 13 5 12 0,12 1,119,141 13 0 151 13 0 
13 5, 9 8 11 2 16 8 13 1 13 2 119 12 6 113 132, 14 3 11 4 12 8 13 1 13 8 
110, 13 3 141, 13 5,14 0,10 4 120 136 139,142 119,140 12 8 13 6 13 7, 
15 1,(3)' 14 4 10 2,118,11 5,12 7 119,12 3,12 1,10 3 

DaciOiailnmin— (23, 25) 100, 110, 9 7, 9 4 10 6 10 9 Mean 11 5 Pre 
dieted, 12 2 

Ovalbiimin Arsamhc Acid if ^ 42 500 ’ 77,p found (31) 3 4 Predicted, 
118 

Todo-Ovalhmin — if = 43,200 ® found (31) 4 6 Predicted, 117, 

3f - 43400“ P,’ found (38) 7 5, 75, 79 82 100, 93, 109 Mean, 87 
Predicted 11 6 

Otnliiimiii Dye — ^3f - 44600” R„ found (14) > 11 6, < 102, > 115 
> 92,83,86,86 90 Mean 9 6 Predicted 11 5 
Hemoglobin —if = 69,000 (34) P =■ P , found (37) 9 2 8 7, 8 6, 10 1, 
91,(7)’’ “92,74 R., (25) 8 2 82 92 95 Mean,8 87 Predicted, 8 73 
Serwn-Albimin — if = 70 200 (34) R , found (35) 7 5, 6 3, (26) 6 3, 8 6 
7 1, 7 8, 7 4, 8 3 Mean, 7 42 Predicted, 8 63 

Serum Albumin Dye — if -= 78,400 “ R ^ found (26) 10 0 Predicted 8 06 
Horse Serum Globulin— if - 167 000 (34) R, found (30) 4 5, 40 4 6, 


’Obtained by averaging the values at the two ends of the equivalence zone 

OR ^ til - i 

og ag 

* Omitting results with sera from young animals which according to Baum 
gartner give higher ratios 

’ Calculated from 1 53 per cent As 
® Calculated from 6 2 per cent 7 
a 100/Cper cent ag) — 1 
Calculated from 6 9 per cent 7 
“ Calculated from eight mtroduced dye residues 
^XTsmg the values near the middle of the range given 
■= 100/(per cent ag) — 1 
Calculated from sixteen introduced dye residues 
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^^,38,39,30,34,36,39,30,30,32,32, 39,38 Mean, 3 70 Predicted 
5 83 

Eorse-Seruni-Globiihti-Arsamhc-Acid [A]—M = 172,500^^ i?,,,^Mound (31) 
1 53, 1 73, 7 6 IMean, 3 62 Predicted, 5 09, [B] M = 180,500 R,„, found 
(31) 8 5, 5 5, 5 4 Mean, 6 47 Predicted, 4 97 

lodo-Horse-Serum-Globultn—M = 182,000 found (31), 5 5, 6 7, 8 0, 
8 6, 5 4, 6 0 Mean, 6 69 Predicted, 4 93 

Edesltn—M = 309,000 (34) Ii,„, found (25) 14, 1 3, 1 2, I 2, 1 3, 1 3, I 8, 

1 9, 2 1, 1 6 Mean, 1 51 Predicted, 3 69 

Thyroglobuhn ~M = 650,000 (19) found (32) 2 2, 2 0, 1 8, 2 5, 2 1, 
3 5, 2 4, 2 7, 2 1, 3 6, 3 0, 3 0, 3 3, 2 4, 4 0, 2 2 Mean, 2 68 Predicted, 2 50 
Eomariis amencamts Eemocyanin ~M = 725,000 (34) Ro„, found (25) 1 1, 

1 0, 1 0, 0 9, 1 1, 1 0, (29) 1 2, 1 3, 0 8, 0 5, 0 3, 3 3, 2 5, 3 8, 3 3 Mean, 1 54 
Predicted, 2 34 

Cancer trroralus Eemocyanin — M = 725,000^® found (25) 18, 10, 

2 0, 2 0, 2 6, 2 6, 16, 1 6, 2 3, 2 4, species'^ 1 2, 1 3, 1 7, 1 6 Mean, 1 84 Pre- 
dicted, 2 34 

Limtihts Polyphemus Eemocyanin — M = ca 3,000,000*® found (22) 

1 4,13,09,1 4,1 3,12, (25) 1 6, (28) 24,23 Mean, 1 S3 Predicted, 1 22 

Vivtpartis mallealtis Eemocyanin — M = 6,630,000 Rop, found (28) 2 7, 

2 5, 4 6, 4 0, 3 5, 2 5, 2 1, 1 6, 2 7, 2 4, 3 8, 3 2 Mean, 2 97 Predicted, 0 88 

Busycon camhculaium Eemocyanin — M = 6,760,000 (34) found (22) 
0 7, 0 8, 0 6, 0 6, 0 6, 0 7, 0 8, 0 7 Mean, 0 68 Predicted, 0 86 

RESULTS 

The above figures show that there is a strong tendency for R to 
be lower with the antigens of higher molecular weight The agreement 
between the values of R predicted by our theory and those determined 
experimentally is in general close, considering the wide scatter of some 
of the experimental values, though there are a few conspicuous ex- 
ceptions These relations are brought out in Fig 1, where the values 
of log R are plotted agamst the loganthm of the molecular weight of 

Calculated from 1 1 per cent As 
Calculated from 2 54 per cent As 
Calculated from 8 4 per cent I 
Assummg it to be the same as Eomarits 
*®Svedberg states (33) that Limulus hlood contains three hemocyanins with 
sedimentation constants of 57 1, 34 1, and 16 9 X 10~” The first would have 
a molecular weight of about 3,000,000 There is some evidence (24) that this 
was the component chiefly affected by the sera exammed 
20 Assummg it to be the same as Edtx (34) 
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the antigen The lower curve, which goes approximately through 
the middle of each large group of points, represents the values of R 
calculated from the equation 

It has been stated by Eagle (9) that there is as yet no ex- 
perimental evidence that protems are constructed of unit spheres 

I03M 

40 50 60 70 



Fig 1 Relation of molecular weight of the antigen to the ratio of antibody to 
antigen m preapitates 

Experimental values solid circles 

Lower curve relation calculated assuming Svcdberg unit structure of antibody 
Upper curve relation calculated assummg spherical antibody (9) 

The queried data at right are also plotted on abscissa 5 X 10* for reasons 
discussed m the text 

the expenmental data are likewise compatible with the assumption 
that the antibody globulin is deposited as a single sphencal molecule ” 
The upper curve in the graph gives the values of R calculated accord 
mg to this suggestion, using the value 150,000 (20) for the molecular 
weight of (rabbit) antibody It is evident that Eaglets assumption 
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Will give results definitely too high, unless some additional assumption 
IS made With the larger molecules of horse-antibody the results 
would be still more out of agreement 

In order to test the extent to which the experimental values of R 
depend upon the molecular weight of the antigen, we have calculated 
the regression coeffiaent (10), of R on M, or rather, to make the 
numbers involved more manageable, of log R on log M We obtained 
a regression coefficient of -0 529, with a standard error of 0 014 
The coefficient is over 35 times its standard error, so there would 
seem to be no question that there is a highly significant degree of 
correlation between R and M 

To express this relation, in so far as it is hnear, a straight line can 
be fitted to the data by the method of least squares This gives 

log = 3 49 - 0 529 log M 

The sum of the squares of the deviations of the observed values of log 
R from those predicted from this equation is 11 51 From our (cur- 
vilinear) relation we obtain 10 29 Thus it appears that our the- 
oretical equation expresses the trend of the data, not merely as well, 
but actually slightly better, than the best fitting straight hne possible 
Perhaps an empirical curved hne, involving several terms, might 
fit better than either, but since such a curve would have no theoretical 
significance, we have not troubled to attempt its construction (The 
empincal equation [2] connecting R and M was constructed to fit 
our theoretical relation, not a plot of the experimental data ) 

DISCUSSION 

That the ratio of antibody to antigen m “neutral” preapitates is 
strongly influenced by the molecular weight of the antigen, seems to 
be established by the facts presented here It is our purpose to call 
attention to the fact of this relation, and the degree of it as measured 
by the regression coefficient The individual determinations, how- 
ever, may vary considerably, because of expenmental errors and 
because other factors besides the size of the antigemc molecule doubt- 
lessly influence the ratio Among the possible factors suggested are 
the relative number and spacing of reactive groups in the antigen 
(and antibody (15)) molecules, the quahty (avidity) of antibody 



WILLIAM C BOYD AKD SANTOED B HOOKER 


287 


from a particular animal or bleeding (28), flattening of antibody, 
and molecular dissoaation or “depolymenzation” of antigen These 
are now to be discussed in connection with some advantages seemmgly 
offered by our hypothetical model of antibody antigen reactions 
Despite the predictive apphcabihty of the equation to the relation 
between R and M, it is possibly fortuitous and we do not regard it 
as proving the bteral accuracy of our model Indeed, the agreement 
m the case of the pneumococcal anticarbohydrates is almost certainly 
acadcntal because the evidence now indicates that those carbohy- 
drates are cham shaped rather than sphencal Here the fit could be 
ascribed to an acadentally appropnate spaang of determinant groups 
on the antigen or perhaps to the effect of stenc hindrance to the 
attachment of antibody, an mterference that could be more marked 
m the case of slender molecules than sphencal ones 
The larger molecules of protein may deviate from sphenaty, some 
considerablj , but this makes surpnsmgly httlc difference m the sur 
face volume relationships Volumes bemg equal, the rabo of the 
surface of a prolate spheroid to that of a sphere is 1 08 when the 
ma3or is twice the minor axis, and even when it is five bmes as long 
the ratio is only 1 37, with oblate spheroids the rabos are shghtly 
higher The appropnateness of the model depends upon two basic 
facts, one serological, one geometncal (o) immunochemical combine 
bon takes place at the surface of the anbgemc parbde, this appears 
to be well established, (6) deviabon from sphenaty of antigenic 
molecules has httle effect upon the amount of surface to be covered, 
but nonsphenaty of antibody molecules enables them to cover con 
siderably more surface 'Ultracentnfugal study of anbbodies (27) 
mdicates that one axis of an anbbody molecule is about afifthaslongas 
the others (11, ref 12) It has been pomted out that this is a molecule 
having about the shape called for by our hypothesis, which postulates 
a chain composed of a hnuted number (say 4 for rabbit antibody) 
of conbguous, practically sphencal Svcdberg units In addition to 
the contnbubons from Svedberg’s laboratory relabng to the physical 
structure of proteic molecules and thar dissoaation into components 
havmg an orderly range of dimensions, Bergmann and Niemann (4) 
offer chemical evidence that affords new reasons for accepbng the 
fundamental reahty of a unit of protein structure about the size of the 
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Svedberg unit, although an exactly uniform size m all protems should 
not be expected Wnnch (36) has proposed a hypothetical structure 
of proteins, a laminar senes of cyclols, capable of leading to a unit 
of similar size The idea that the unitary structure must be of limi ted 
size, in order to resist disintegration by vibrational forces, -was offered 
by Astbury and Woods (2) 

But other models can also fit the observations satisfactonly One 
could assume that the antigenic molecules are coated m neutral mix- 
tures with a layer^i of antibody of the same thickness in all cases, 
saying nothing about the arrangement of the molecules of antibody, 
the results would be practically identical Although it is now hardly 
permissible to regard the whole molecule of antibody as a sphere, if 
it IS so regarded then the theoretical values of R become from 1 9 to 
3 3 times too high (Fig 1) if the antigen is completely coated How- 
ever, if the (sphencal) antibody molecules are considered to be dis- 
torted somewhat by combination with the antigen, becoming flattened 
so as to cover more surface, then the assumption becomes workable 
in this part of the range Distortion sufficient to make the major 
axis of the molecule twice the minor axis would be required to cover 
the surface completely 

Eagle has assumed that the antibody molecules are not distorted 
and that the surface of the antigen is not completely covered He 
stated (9) “ it is improbable that the chance collisions between 
antibody and antigen which result in combination would make for 
the maximum possible coverage of the antigen particle Instead, 
since each antibody molecule would be bound more or less where it 
struck the antigen, one would expect some free space between adjacent 
antibody molecules, less than the diameter of each, yet constituting 

It must be noted that this thickness would have to be considerably greater 
than in the protem films measured by Gorter and by Langmuir where a value of 

0 8-1 0 mfj. was found If we assume the molecule of ovalbumm, which has 
a radius of about 2 17 mju (30 c), to be coated uniformly with a layer of protein 

1 m/x thick, the ratio of antibody to antigen would be calculated as (3 17^ - 

2 17®)/2 17^ = 2 13, which agrees poorly with the experimental values which 
average US A uniform layer of protein about 3 m/x thick on the surface of the 
antigenic molecule would yield figures comparable to those based on our model 
Perhaps if we were deahng with minimal rather than equivalent quantities of anti- 
body the indicated thickness of the layer would be closer to 1 m/x 
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a sigmficant proportion of the total surface ” But, on this assump 
tion, It IS not possible to account for the fact that the antigen is capable 
of combining firmly with 2 to 3 times as much antibody as that found 
at the optmium or at the equivalence point We, on the other hand, 
could attempt to explain the difference by assummg that in neutral 
mixtures the antibody chains apply themselves dosely to the antigenic 
surface, whereas with excessive antibody, they "stand on their heads” 
that IS, are attached by perhaps only one of their component umts, 
leavmg the rest projecting into space to contnbute to the total amount 
of combined antibody but not to the effective coverage of the antigen 
(S) Such a picture is also consistent with the known higher dis 
soaabihty of antibody from preapitates made with excessive antibody 

Either the assumption of distortion or of a stenc limitation respect 
ing the portion of the antigenic surface that can be covered, virtually 
is mathematically equivalent to introducing an arbitrary constant into 
equation [1] (and using 130,000 mstead of 35,200) It hardly seems 
plausible that the forces required for a uniform degree of flattemng 
of the antibody molecules should be so constantly and evenly dis 
tnbuted on the surfaces of a large vanety of antigenic proteins (or 
carbohydrates or hpoids) It wiU be noted that there is no arbitrary 
constant m equation [1], a fact which should lend greater sigmficance 
to Its agreement with the experimental data 

Some objections to the lattice hypothesis have previously been 
discussed (24) 

The agreement obtamed with synthetic antigens and with edestin 
and Vvmpams hemocyamn is rather poor We have included the 
results with chemically modified proteins (14, 26, 31), though it might 
well be argued that there is a distmct possibility that the molecular 
size might have been altered by the rather violent processing Also w e 
do not know whether enough of the (artifiaal) determinants have 
been affixed to its surface to enable the antigemc molecule to be com 
pletely coated This is an obvious requirement for the satisfactory 
working of the hypothesis and certairdy influences the ratio as im 
portantly as the molecular weight (surface) of the antigen We found 
tliat casein arsanilic aad must contain a minimum of about 1 per 
cent of arsemc in order to be preapitable with anti-ovalbumin arsanibc 
acid (22 i) and Marrack has reported “ that with a given antiserum 
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to p-amino-benzene-arsmic acid, the amount of antigen equivalent 
to a given volume of antiserum at optimal proportions was inversely 
proportional to the arsemc content of the antigen” (30 b) 

The possible influence that the quahty of the antibody may have 
upon the ratio is not so clear It could be expected that highly avid 
antibody would be less dissociable and so give a relatively high ratio 
The strength of a combimng group presumably depends upon the 
completeness and faithfulness with which it reflects the detailed 
pattern of the antigenic determinant It would seem that the (as- 
sumed) multivalence of antibody could mfluence (increase) the ratio 
only when the combmmg groups have a relatively weak affimty for 
their counteiparts so that several points of umon are needed to prevent 
dissoaation Indeed if most of the antibody m a given serum were 
thus multivalent then the ratio nught well be lower than that yielded 
by strong umvalent antibody because the latter could form a thicker 
layer due to its more ‘‘polar” orientation to the antigen Upon 
continued immunization the later bleedmgs do tend to give higher 
ratios — the zone of equivalence is widened (15) — but this is not 
necessarily due to mcreasmg multivalence of antibody, it could equally 
well result from the increased formation of univalent antibodies 
directed toward minor determinants to which the animal responds 
only after prolonged stimulation A sunilar explanation could be 
considered as an alternative to the assumption that only a single 
immunologicaUy reactive group is possessed by the kind of antibody 
that “does not precipitate antigen when separated from the rest of the 
antibody, but is capable of adding to a speafic aggregate formed by 
multivalent antibody and antigen” (11) It may be that such a 
• ruvalent antibodv is capable of uniting with adequate firmness but 
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we found Vtvtparus hemocj anin migM fairly have been excluded 
because we do not know its molecular weight, but have plausiblj , we 
think, assumed it to be the same as that of Bdtx hemocyanin (34) 
But Svedberg has found that dissociation into smaller fragments is 
espeaaUj easy in the case of snail hemocjamns, occurring in the 
case of Hchx at pH 8 or less Some of our antisera, after storage m 
glass, have been found to he as alkaline as this If such dissoaation 
had taken place here, it might well have led to a higher ratio than we 
expected In Fig 1 the ratios for Vtmpants are plotted, to show this, 
agamst M = 503,000 (a dissociation component of Bdtx) as well as 
agamst the assumed 6,630,000 The agreement for the dissociation 
component is seen to be good In spite of these discrepancies, the 
general agreement remams striking 

SUMMARY 

A statistical cxammation of the available data on the ratio of anti 
body to anbgen in speafic preapitates made at or near the optimum 
shows a definite conelation between the ratio and the molecular 
weight of antigen (regression coeffiaent = —0 529 (±0 014)) The 
authors’ assumption that at this point the antigen molecules are just 
about covered by a layer of antibody behaving as contiguous sphencal 
(“Svedberg”) umts of weight 35,200 leads to predicted ratios that 
m general agree well with those found, though individual expenraental 
determmations may deviate considerably 
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Vernon as early as 1901 discovered the remarkable fact that both 
"tryptic and rennet ferments” can be formed from their corresponding 
zymogens by the action of trypsin itself (1) Vernon’s results were 
fully confirmed by Kunitz and Northrop who found that trypsin bnngs 
about the formation of chymotrypsm from crystalline chymotrypsin 
ogen (2) as well as the formation of trypsin from crystallme trypsinogen 
(3) The process of formation of chymotrypsm by trypsin follows 
the course of a catalytic unimolecular reaction, the formation of 
trypsin by trypsin, on the other hand, follows the course of an auto- 
catalytic reaction The rate of the autocatalytic formation of trypsm 
15 greatly enhanced in the presence of high concentrations of am 
monium or magnesium sulfate 

Recently Anson (4) found that trypsm bnngs about the catalytic 
formation of carboi^T’sptidase from its mactive precursor found 
m beet pancreas 

Trypsin has been found (S) to have an accelerating effect on the 
dottmg of blood Waldschmidt Leitz, Stadtler, and Steigcnwaldt 
suggested (6) that trypsm acts like thrombin on fibnnogen Eagle 
and Hams found (7) that crystalline trypsm coagulated citrated 
plasma of the rabbit, guinea pig, horse, and man They believe that 
the action of trypsin is due to its catalytic transformation of pro 
thrombin mto thrombin Mellanby and Pratt (8) disagree with the 
conclusions of Eagle and Hams According to the English authors 
trypsm Uberates active thrombokinase which acts on prothrombin to 
form thrombin m the presence of calaum ions As a source of tiypsin 
293 
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Mellanby and Pratt used pancreatic juice of cats activated by means 
of enterokinase 

This paper descnbes a new enzymatic action of crystalhne trypsin, 
namely the transformation of crystalline trypsmogen protein into 
an mert protein which can no longer be changed into trypsin protein 
either by the addition of trypsin, enterokinase, or mold kinase (9) The 
formation of inert protein occurs whenever crystalhne trypsmogen 
containing a trace of trypsin is dissolved in dilute buffer solution of 
pH 5 0-9 0 This range of pH is also favorable for the autocatalytic 
transformation of trypsmogen into trypsm Hence the presence of 
a trace of trypsin m a solution of crystalline trypsmogen in this range 
of pH brings about a gradual change of the trypsmogen partly into 
trypsin and partly into inert protein with the result that the process 
of formation of trypsin under these conditions diverges from the 
reaction of the simple autocatalytic type 

The two simultaneous processes may be represented schematically 
as follows 

1 Torsmogen -^222% fjpsm 

„ _ trypsm 

2 Trypsmogen > mert protem 

The first reaction, as mentioned before, proceeds in accordance with 
the law of an autocatalytic unimolecular reaction, namely that the 
rate of formation of trypsm is proportional to the concentration of 
trypsmogen as well as to the concentration of trypsin m solution 
With regard to the second reaction, expenmental studies show that 
the transformation of trypsmogen into mert protein is catalyzed by 
trypsm and that the process follows the course of a simple catalytic 
ummolecular reaction, the rate of formation of inert protem being 
proportional to the concentration of trypsin (the catalyst) as well as 
to the concentration of trypsmogen (the substrate) ^ 

The relative rate of formation of the two proteins from trypsmogen 
depends on the pH of the solution, the rate of formation of mert 
protem bemg increased more rapidly with increase of pH than that 
of formation of trypsm Hence the proportion of trypsmogen changed 

^ This reaction also comphcates the kinetics of the formation of trypsm from 
trjT^^^S®^ enterokinase (11) 
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into inert protein is greater in the alkaline range of pH, -while in the 
range of pH 5 0-6 0 the proportion of trypsinogen changed into 
trypsin is greater 

Jn aad solution no inert protein is formed and hence trypsmogen 
may be completely transformed into trypsin bv mold kmase at pH 
3 0(9) 

Theoreitcal Study of the Ktnehcs of Formation of Trypsin and Imrt 
Protein from Trypsinogen hy Trypsin 

The mathemabcal denvabon of the equations for the kmebcs of 
the simultaneous formation of trypsm and inert protein from trypsm 
ogen IS as follows 

I«t G =» ongmal concentration of trypsmogen 
A ■= ongmal concentration of trypsm 
A *= total concentration of trypsm at anv time i 
A — A ^ concentration of trypsm formed at any time t 
A « final total concentration of trypsm 
A — A • final concentration of trypsm formed 
I « concentration of mert protem formed m any time t 
G + A — concentration of trypsmogen at any time I 
G A — / ^ available activit> " trypsmogen -f trypsm 

I « final concentration of mert protem formed 

All concentrabons are expressed in milhgrams protem mtrogen per 
miiUhter activabon mixture 

Assuming that the rate of formabon of both trypsm and mert 
protem is proporbonal to the concentration of trypsin as well as to 
the concentrabon of trypsinogen in solubon we have 

^ - SiX (G + X - X - I) (0 

at 

^ - iC.X (G + X - X - /) 

dl 

hence 

iX " Xi 


( 2 ) 

(3) 


2-|;(x-x) 


(4) 


and on integration 
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Mellanby and Pratt used pancreatic juice of cats activated by means 
of enterokinase 

This paper descnbes a new enzymatic action of crystalhne trypsin 
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The values of log 


A, - A 

straight line, the slope of which is 


when plotted against I should he on a 


m 


Ki + g, _ JfiC + (Ki + K,) A 
23 “ 2 3 


in accordance with equation 9 The values of and are thus 
easily determinable when G., Ao, and A, are known Thus 


A 


(96) 


and 


JC, = 


(Ki + gdCvt - A) 
G 


2 3m ,1 - yl 
G ^ A 


(9c) 


When Ac is negligible compared with A, then 



which also follows from equation 9o directly 


(9i0 


Equation So and hence equation 9 are identical with the true equa 
tions of an autocatalytic unimolecular reaction (12), namely, 



log ■ 


2^ 


except for the presence of two veloaty constants and for the specific 
meaning of the terra (^4,— yl) which does not represent the concentra 
tion of substrate at any time I as would be the case if there were no 
compUcation due to the second simultaneous reaction (It is to be 
noticed that m the equation ated A is equal to G* + ^ while here 






G 


+ j4e ) 


The expression for the time rate of formation of inert protein is 
obtained by substituting in equation 2 values for A m terms of / as 

obtainable from equation 4, namely, yl « ~ + X and then m 

A.J 

tegrating m terms of I A simpler solution is to substitute the ex 
pression for A m terms of I directly into the integrated equation 9 
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We get then the integrated equation for the time rate of formation of 
inert protein, namely, 


log 


Kil -Jr KjAo 

Ic-I 


— log 


4 


2 3Ki 


(KJ, + K2A0) i 


( 10 ) 


which is Similar to equation 9, the plotted curve of J w t should 
resemble an S shaped curve typical for an autocatalytic ummolecular 
reaction 

The denved equations bring out the following quantitative relation- 
ships between the two products formed from trypsinogen by means 
of tiypsm under constant conditions of pH, temperature, and salt 
concentration 

1 The concentration of inert protein in the reaction mixture at 
any time f, as well as at the end of the reaction, is proportional to 
the concentration of trypsin formed® It follows that the speafic 
activity, ^ e the number of tryptic umts per milligram protem nitrogen, 
of the final product is constant and is independent of the ongmal 
concentration of trypsinogen 

2 The final concentration of trypsin formed as well as the final 
concentration of inert protein formed is proportional to the ongmal 
concentration of trypsinogen and is independent of the ongmal con- 
centration of trypsin (equations 7 and 8) The rate of formation of 
these products is, however, dependent on the ongmal concentration 
of trypsin m the reaction mixture 

3 The equation for the rate of formation of trypsin still remains 
autocatalytic m form (equation 9) although it is slightly modified by 
the correction due to the formation of inert protein 

4 The equation for the rate of formation of inert protem is, like 
the one for the rate of formation of trypsin, of an autocatalytic form 
(equation 10) 

® All the denved equations would still hold true were inert protem instead of 
trypsin assumed to be the catalyzing agent in both reactions, smce the concen- 
trations of the two products are proportional to each other The experiments, 
however, on the efiect of varymg the mitial concentration of trypsm show defi- 
nitely that the rate of formation of both products is proportional to the concen- 
tration of trypsin It foUows, therefore, that trypsm is the catalyst m both 

reactions 
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All these relationships have been found to check closely with the 
experimental facts 

Experimental Studies of the Kinetics of Transformation of Crystalline 
Trypsinogcn into Trypsin and Inert Protein 

General Procedure — Solutions i;vere made of cry stalline trypsmogen m dilute 
buffers and allowed to stand at S®C * In most experiments it w-as unnecessary to 
add trypsm since the cry stalline trypsmogen used generally contamed small but 
measurable amounts of trypsin which were suffiaent to mitiate the reactions 
Duplicate samples of 1 ml were taken at various times One set of the 1 ml 
samples was aadified with hy drochlonc acid to about pH 2 0 m order to stop the 
reactions The concentration of trypsm m these samples was then determined 
by the hemoglobin method of Anson (10) These measurements provided the 
data for the rate of formation of trypsm The 1 ml samples of the other set 
were mixed with equal amounts of a concentrated solution of enterokmase 
(200 [E K U ]/ml ) made up in ii/lO pH 7 6 phosphate buffer and placed at 5®C 
This brought about very rapid transformation of all of the available trypsmogen 
protein into trypsm protem without any formation of inert protem as will be 
described m a later paper on enterokmase (11) The samples were acidified with 
hydrochlonc aad to pH 2 0 after 2 hours and the concentration of trypsm in 
these samples was determmed If there were no gradual formation of mert 
protein m the trypsmogen solution then the concentration of trypsm (available 
activity) m the enterokmase activated samples taken at vanous tunes would 
remam constant and would be numerically equal to the concentration of trypsm 
added to or present imtially m the trypsmogen solution plus the ongmal con 
centration of trypsmogen Actually it was found that m all cases where the 
pH of the trypsmogen solution was above 4 0 there was a gradual loa enng of 
the concentration of available tryptic activity in the successive samples This 
gradual loss m available activity was due to the formation of mert protem smcc 
the total concentration of protem m the trypsmogen solution, as measured by 
the amount of preapitate formed with 2 5 per cent trichloracetic aad remained 
practically constant up to the end of the reaction 

The rate of formation of mert protem in the original reaction mixture was 
calculated as follows 
Let P « mitial available activity, and 

Pt » available activity at any tune t The concentration of inert protein 
formed at any time t is then It ^ P — Pt 

• It was found necessary throughout these studies to keep all reaction mixtures 
at a temperature not higher than 5 C m order to avoid complications due to 
protem hydrolysis by trypsm 

The solutions were kept stenle by the addition of 0 I ml 1 per cent merthiolate 
m 1 4 per cent borax solution to 100 ml of reaction mixture 
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An experiment illustrating the vanous measurements is given in 
Table I The concentration of trypsin as well as the concentrations 
of available activity are expressed both in tryptic units [TU]^’’ 
and also in milligrams protein nitrogen per imlliliter The last were 
obtained by dividing the [T U by 0 17 which is the specific ac- 
tivity, J c , [T U ]®g p N of pure trypsin 

The expenment shows the following 

1 The fiinal concentration of trypsin formed is only about one- 
fourth of the initial available activity 

2 The total available activity is diminished rapidly with tune until 
it equals the concentration of trypsin in solution 

TABLE I 

Formahon of Trypsin and Inert Protein from Trypsinogen at pH 8 0 and 5°C 


Activation mixture 10 ml of solution of crystaUme trypsinogen in m/200 
hydrochloric acid contaming 1 mg protein nitrogen per ml plus 4 ml m/2 phos- 
phate pH 8 0 plus water to 100 ml 


Tune 

atS'C 

Trypsm 

Available activity 

Inert protein 
(by difference) 

Total protein 
measured 


IT V 

tO->ms P N /ml 

10-HTU]^^ 

lO-tmc P N /ml 

10->mi P N /ml 

P N /ml 

0 

0 35 

2 0 

15 60 

90 

0 

88 

3 5 

1 22 

7 0 

11 10 

64 

26 

83 

7 0 

2 32 

13 5 

6 08 

35 

55 

88 

11 5 

3 07 

18 0 

4 04 

23 

67 

83 

23 0 

3 70 

21 0 

3 75 

22 

68 

64 

47 0 

3 46 

20 0 

3 50 

20 

70 

49 

72 0 

3 08 

18 0 

3 12 

18 

72 

43 


3 The total protein concentration is practically unchanged during 
the tune of formation of trypsin, this shows that the rapid loss in 
available activity is due to the formation of inert protein which can 
no longer be activated by the excess of enterokinase used 

4 A gradual loss m protein concentration begins at the time when 
the trypsm concentration of the solution has reached its maximum 
value This loss is due to the gradual hydrolysis by the formed 
trypsm of both the inert protein as well as of the trypsin itself This 
gradual destruction of protein by the trypsm is greatly reduced if 
the pH of the solution is kept below 7 0 and the total concentration of 
protein below 0 1 mg protein nitrogen per milliliter 
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Transformahon of Trypstnogen tnto Try pstn and Inert Protein 

Fig 1 a shows graphically the expenmental data for the time rate 
of formation of trypsin and inert protein at pH 5 8 The plotted 
expenmental points for the rate of formation of trypsin as well as 
for the formation of inert protein fall within the expenmental error 
on smooth theoretical S shaped curves The theoretical values of A 
were obtained by means of the exponential form of equation 9a, 
namely, 



The theoretical values of I were calculated from the theoretical values 
of A by means of equation 4, namely, 



U - Ao) 


The values for Ki and for — were calculated from the slopes of the 

Ki 

rectilinear curves in Figs 1 b and 1 c 

A 

Fig lb shows the plotted points of log vs t The expen- 

A^—A 

mental points fall on a straight hne in accordance with equation 9 
The proportionality relation between the values of A and I is shown 
m Fig 1 c in agreement with equation 4 


Effect of Varying the Concentration of Trypstnogen on the Kinetics of 
Formation of Trypsin and Inert Protein 

Equation 9 a predicts that for vanous values of initial concentration 

of trypsmogen the slope of the plotted rectilinear curve of log 

vs t should be proportional to Go, provided the value of is small 
compared with Ae 

Fie 2 a shows the plotted values of log vs ^ of a senes oi 

Ae—A 

concentrations of trypsmogen at pH 5 8 The expenmental points 
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he m all cases on straight lines, the slopes of which are approxiinately 
ptopotUonal to the initial concentrations of trypsinogen used 
Fig 2 b shows that the linear relation between I and A is inde 
pendent of the initial concentration of trypsinogen, in agreement 
with equation 4 



Figs 2 a and 2 6 Effect o£ concentration of ti>T)Sinogen 

10 ml 0 1 u K-Na phosphate buffer pH 5 8 plus 5 0 2 5, or 1^5 ml ays 
tallme trypsmogen 1 mg protem nitrogen per mb, plus 0 2 m NaOH to adjust 
pH to 5 8 plus water to 50 

Effect of Varying the Initial Concentration of Actrc Trypsin in 
Solution 

The effect of varying the concentration of active trypsin added 
to a solution of trypsinogen of pH S 0 is shown in Fig 3 a where 
the concentration of trypsin formed (A — A ) was plotted agamst I 
It IS evident from the curves that the mitial rate of formation of 
trypsm is proportional to the imtial concentration of active tiypsm m 
the activation mixture The final concentration of trypsin formed 
and hence also the final concentration of inert protein formed is, how 




A-Aq in 10“3 mg P N per ml 


40 


5 2 


Fig 3 c 


Fig 3 b 


Figs 3 a and 3 b Effect of vaiying initial concentration of trypsin 
5 ml crj'stallme tr3"psuiogen, 1 mg protem mtrogen per ml m m/200 HCl, 
plus 0, 5, 10, or 20 ml crystaUme trj'psm, 0 1 mg protein mtrogen per ml m 
0 05 M K-K phosphate buffer pH 5 0, plus 20, 15, 10, or 0 ml 0 05 m K-K 
phosphate buffer pH 5 0 plus water to 50 ml 


E 
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TABLE n 

Bjfecl of Varytns Intltol Concenlrahon of Trypstn 
Summary of Ftgs 3a and 3 b 


A m mg B N 

G * 

C + ‘ ‘ 

A ‘ ‘ 

A -A ‘ 

Slope m “ A (Fig 36) 

i O 

2 3m 

Hence Ki-{- Kt^ — ; — (Equation 96) 
A 

2 3m (A - A) 

Ki *= — X — (Equation 9c) 

Kt (by difference) 

ImUsd slopes mi (Fig 3 a) 

A 



0 0123 






0 10 


0 1123 

0 1210 

0 140 






0 041 


0 043 



0 033 

0 100 

3 23 

2 76 

3 00 

2 76 

1 32 

1 13 

1 29 

1 19 

1 91 

1 63 

1 71 

1 57 




0 0052 






TABLE ni 
E£ect of pn 

^Kmwflry of Ftgs 4a 4c 4d 


pH 

4 88 

5 92 

6 9 

7 66 

8 5 

G mmg PN 

0 01 

0 01 

0 01 

0 01 

0 01 

A 

0 00012 

0 00012 

0 00012 

0 00012 

0 00012 

A ‘ ' 

0 0063 

0 00175 

0 00063 

0 00043 

0 00033 

Slope m = ^ ^ ^ (Fig 4c) 

0 13 

0 35 

0 65 

0 75 

0 90 

2 3m 

Ki + K% ^ — (Equation 96) 

48 

460 

2380 

4000 

6300 

T / -n-^T ^ 23m (A— i4) 

Ki (per mg VJA /day) « — — X — 

A G 

(Equation 9 c) 

30 

75 

120 

125 

130 

Ki (per mg P N /day) by difference 

18 

385 

2260 

3875 

6170 

~ calculated 

0 6 

5 1 

19 

31 

48 

~ observed (Fig 4d) 

A.I 

1 2 

4 7 

19 

34 

43 


ever, independent of the initial concentration of trypsin and is identical 
m all cases, which checks with equations 7 or 8 The plotted curves 


of log 


A 

A -A 


vs t (Fig 


3 b) are straight lines the slopes of which are 





log K Intrl prolem in 10'^ m| P N per ml 
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equal while at lower pH the rate of formation of inert protem becomes 
neghgible 

The striking difference in the ultimate amount of trypsm formed 
at pH above 7 0 as compared with that formed at pH below 6 0 may 
be the explanation of the disagreement between Vernon, on one side, 
and Bayhss and Starhng on the other side m regard to the question 
whether trypsm itself is able to convert trypsmogen mto trypsin 
Vernon worked with inactive pancreatic extracts and had no difficulty 
in activating it by means of trypsin while Bayhss and Starling em 
plo> ed pure pancreatic juice and found that trypsm not only did not 
activate the pancreatic juice but just the opposite occurred, namely, 
that It "destroyed the pro ferment without apparently at any time 
converting it into ferment” (13) Bayhss and Starhng have evi 
dentlj obtained results comparable to the one represented in Fig 
4 a by the curve of pH 6 9 or pH 7 7 while Vernon’s results correspond 
to the curve of pH 4 9 A difference of one or two umts between the pH 
of the pancreatic extract used by Vernon and that of the panaeatic 
juice used by Bayhss and Starhng would amply explam their dis 
agreement 

The writer was assisted by Margaret R McDonald 
SUMMARY 

A solution of crystalhne trypsmogen in dilute buffer contaimng 
a trace of acU\ e trypsin when allowed to stand at pH 5 0-9 0 and 
5°C IS gradually transformed partly into trypsm protem and partly 
into an inert protem which can no longer be changed mto trypsin 
either bv enterokinase or mold kanase 

Dunng the process of formation of trypsm and mert protein the 
ratio of the concentrations of the two products m anv reaction mixture 
remains constant and is independent of the original concentration 
of trypsmogen protem This ratio vanes, howe\ er, with the pH of the 
solution, the proportion of trypsm formed being greater in the aad 
range of pH 

The expenmental curves for the rate of formation of trypsm, as 
well as for the rate of formation of mert protem are symmetneal S 
shaped curves closely resemblmg those of simple autocatalytic re 
actions 
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The kinetics of formation of trypsin and inert protein can be ex- 
plained quantitatively on the theoretical assumptions that both 
reactions are of the simple ummolecular type, that in each case the 
reaction is catalyzed by trypsin, and that the rate of formation of each 
of the products is proportional to the concentration of trypsin as well 
as to the concentration of trypsinogen in solution 
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THE FLICKER RESPONSE FUNCTION FOR THE TURTLE 
PSEUDEMYS 


Bv W I CROZIER ERNST WOEF ami. GERTRUD ZERRAHN WOLF 
{From the Btolopcal Laboratories, Sarvard Unnersity, Cambridge) 

(Accepted lor pubUcation, August 11, 1938) 

I 

The flicker response curve has been determined for the turtle 
Psetidemys, using the techmc and procedure employed in our earher 
studies with insects, fishes, newts, and man ' The structure of the 
curve, and the relations of its parameters to temperature, show several 
interesting features Mean critical intensities (/„) have been meas 
ured at constant temperature as a function of flash frequency F, 
with equahty of light time and dark time in a flash cycle, reaprocally, 
F„ was obtamed as a function of I The determinations of /„ were 
made at various temperatures The retma of Psetidemys contains 
no "rods ” or so small a number that they have not been detected 
There is thus an opportunity to test the adequacy of equations em 
ployed for the description of the flicker contour, the performance of 
the peripheral sensory field of the retma is not complicated by the 
duplexity of receptor constitution found in vertebrates hitherto 
studied,' hence a single function is available for exammation over the 
whole explotable range 

The vanabiUty of performance of these turtles proves to be so slight 
that persisting individual differences in exatabihty are easily rec 
ognized among the ten speamens used The group tested is thus 
not really a homogeneous group, as this has been defined with certain 
other organisms ' An experimental test of several features of the 

1 Wolf andZerrahn Wolf, 1935-36, Crozicr, Wolf andZerrahn Wolf, 1936-37 a 
b,Cfd, 1937-38 a, 6 c,d^e 1938 a, 6, c, tf, 0 

M938fl etc. 

» 1936-37 fl, h 1937-38 a 
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general treatment of the variability"* of performance in response to 
■visual flicker is therefore possible 


Iconug indi^ydcals o: PszuierrjS scnp’c ssp , of carapace lensta 5 5 err., —ere 
kept m a large terranom near a sojtb -raidorr, vTitli access to "rater. Tee:" 
■vrere fed regnlarl/ vnth prepared turtle food. Tiien- actmt: depends upon the 
temperature and tke bgnt conditions, on dondj' days tke: are almost motionless 
rrluclj has some inS jence upon their beha’,-:or during the tests at such tunes K 
numbered senes of 10 iras selected from a gro-p of 24 on the basis of general 
reactiveness 

For obsen-ation each turtle rras p..t m. a glass jar 10 cm. in diameter mth just 
enough water to permit an easr foothold anc } et to permit extens'on of the head 
above water for breathing If too mudi water is lised tne animals move aoout 
and the recognition of the threshold responses maj- become almost impossmle. 
The jars are placed m a water thermostat fSber and Croz’er 1932-33) for at least 
1 hour, m darkness, before the measurements are made -T.t temperatures between 
21 and 29" the reactions are mcreasinglj sharp and dear as the temperature is 
made higher Above 30" general activity increases, ana it is necessaxj. to wait 
for mtewv'als of quiescence m which the occurrence of the mdez responses can be 
recognized with the best certamt}' Below 21 5' the responses are marked!, 
slower, but quite deSmte Care is required tnat the rate of increase of intens’tj 
up to the critical point (or the reduction of fash frequenr." in the con-^erse experi- 
ment) be not so rap d that mechamcal overshootmg of the end-pomt becomes a 
factor, due to the latenc}.* of the response The determinations are made b* 
placing the jar containing a turtle inside the stnped cjhnder of the apparatus,^ 
which 15 set in motion at a fixed and controlled speed provnoing the desured Sash 
frequency' The diaphragm govemmg the mtensitj of lUumination is then slowlv 
opened until an mtensitj' is reached at which response occurs The turtle bemg 
up to this pomt quiet, the threshold response to fiic_er consists m a sudden def ec- 
tion of the head, in a direction against that of the moPon o: tne stapes This 
reaction may be of shgbt araphtude and of brief duration, subsequently , the head 
turns m the direction of motion of the opaque stapes ano then jerks bacu to its 
ongmal position Some more active mdimduals show smmmmg movements 
foUowmg the turning of the head, while others gi\e only the latter response. 
In some cases, especiallj. at low illuminations, there maj be shown onlj a rotaPon 
of the head about the body axis, this occurs most easil:* when the head is in contact 
with the wall of the contamer, and a gentle touch is used to mo-v e the turtle away 
from the wail. The occurrence of the first motion of the beza is in am case taken 
to signalize that the cnPcal fiash mtens’tj /„ has been found 

When Fc is measured as a funePon of fixed fash iHu m i n at on I the animal is 

put m the apparatus -mth the selected lUuminaPonalread. turned on and "wth the 

a . Imder rotating to give a fiash frequenc much abo'-e that enPeal for fic-cr, and 


* CJ Crazier, 1935 Crozier, Wolf, auaZerrahn-WoL, 1936-37 a, 1937-3S c, etc 
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thus a ''umtormly lUummated" field There is usually some initial activity, 
which quicUy subsides When the speed of rotation of the cyhnder is slowly 
decreased the critical speed is recognued by the same response as m the case of 
increasing mtensities with F fixed The reactions are slow however, and the 
decrease of the flash frequency must be produced smoothly and not too fast to 
avoid overshooting of the end pomt If the critical point is much overrun the 
animals may be put into a state of tome immobdity from which they can be 
aroused only by mechamcal stimulation after the hght has been turned off 

Regularity and reproduabihty of results, as in all such experiments, depend to a 
large extent upon the regulanty with which the animals are fed, handled, and 
manipulated during use 

n 

At vanous fixed flash frequenaes F the mean critical flash mtensi 
ties were measured at two temperatures, 21 5° and 29 5°, the 
flash cycle used has equal light and dark time (f i = ( n) These data 
are given in Table I, each value of log being accompanied bv the 
log P E of the dispersion of the ten individual mean values from which 
the Im IS computed The general order of magnitude of the scatter 
of the critical intensities is not very different from that encountered 
in corresponding experiments with other forms,' certain differences 
in the nature and properties of this P E rr, as a function of /„ are 
considered subsequently 

The measurements in Table I are plotted m Fig 1 It is apparent 
that, in contrast with the flicker response contours obtained from 
sundry other vertebrates thus far studied,' the observations fall upon 
a single smooth curve They exhibit no separation into two segments, 
such as there has been reason to suppose with other forms represent 
the results of the activation of two distinct classes of irntable ele 
ments, reasonably identified with those for which respectively the 
exatabihty of rods and cones are to be held responsible ’ 

The histological evidence shows that the retinas of at least some 
diurnal reptiles contain no recognizable rods, or at least extremely 
few The visual cells are of the “cone” type, but a certain proportion 
are “double cones ” The tortoises {Chtlopus, Clirysemys, etc ) and 
vanous lizards are said to have only retinal cones (Detwiler, 1916, 
1923, Detwiler and Laurens, 1920, Menner, 1928, Vemer, 1935, 
1937) The presence of a small number of rods in the turtle retina 
has been stated by Walls (1934) Examination of sections of light 
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adapted and dark adapted retinas of our Pseudemys shows only one 
general t}Tpe of visual cell, cones, these are of the usual two kinds, 
single and “double ” 

These turtles were chosen for our observations because of the “rod- 
free’’ character of the retina Unless the functional activity of the 

TABLE I 

Meajt Cnhcal Intensities of Illumination (/„), Milhlamberts, and the Probable 
Errors of the Dispersions of Ii,for Response to Flicker by the Turtle 
Pseudemys scnpla, at Two Temperatures, As a Function of 
Flash Frequency (F) 


P/iec 

21 S'C 

29S'C 

log Pm 

log PEij 

logtm 

logPEij 

1 

6.8221 

7 2472 



2 

6 3412 

7 9768 

6 8184 

7 0704 

3 

6 7348 

6 1658 



S 

4.1635 

6 7687 


7 8397 

7 5 

4.6103 

5 1402 


6 4183 

10 

3 0183 

5 4196 

4 4966 

5 0090 


3 0174 

5 3191 



IS 

3.6646 

S 9768 

3.1396 

5 3529 

20 

2.2036 

4 9146 

3 6764 

5 9764 

25 

2 7097 

3 3579 

2 1784 

4 6392 


2 7016 

3 0671 



30 

i.2660 

3 9348 




i 2368 

3 5710 

2 7036 

3 1623 


i 2310 

3 3512 



35 

i 7669 

2 1804 

i 2240 

3 5637 

40 

0 2803 

2 8352 

i 7641 

2 0484 

45 

0 8869 

1 0990 

0 3907 

2 8762 

48 

1 4166 

1 4043 

0 8968 

1 2190 

SO 

2.1477 

0 3478 

1 6973 

1 9853 

SI 



2 1732 

0 2762 


double cones should be different from that of the typical cones, it 
might then be possible to find a curve of visual performance not ex- 
hibiting the composite nature encountered with other vertebrates 
studied, 2 which has been attnbuted to the duplexity of the retinal 
constitution 2 It is to be recogmzed, of course, that the histological 
catena for the distinction between rods and cones are rather un- 
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satisfactory and difficult to apply m a uniform way The vanations 
of human visual properties with location of the test spot on the retina^ 
are indicative of a quahtahve correlation with the assoaated propor- 
tions of rods and cones, and support the dissection of the visual per- 
formance curves into two portions * Data on visual responses ini- 
tiated by a rod-free retina should provide a conclusive test of the 
propnety of this procedure (particularly if supplemented by observa- 
tions with cone-free animals) The prease deterrmnation of the form 
of the performance function in such a case is an important check 
upon the method of separation of presumptive rod and cone effects 
in the composite curves, espeaally if it appears that the measure- 
ments with the rod-free ammal indicate a single population of sensory 
effects 

The curves drawn in Fig 1 are computed probability integrals, 

/ loB I 

g-(i0Bm„)j/2'V]0g7 (1) 

with the same value of Fmaz (=52 63) for the two temperatures, 
and the same value of <r joj i (=2 062) The absassa at the inflection 
point decreases with nse of temperature, as found previously- for 
insects and fishes We have used in some earher papers a logistic 
of the form 

F = Fr.„ /(I (2) 

to descnbe such data, because of its formal identity with the general 
expression for the photostationary state,® although pointing out that 
the parameters m the latter expression do not have properties per- 
mitting rational apphcation to the flicker contour® It was also 
pointed out'^ that the probability mtegral gives a possibly better 
descnption of the data For theoretical reasons’ equation (1) is 
preferred The simple character of the Pseudemys flicker curve 
permits a formal deasion between (1) and (2), since a single function 
appears to cover the entire range of the data Equation (1) gives a 
deadedly supenor fit It is also to be noted that the data in Table I 
caxmot be described by a photostationary state equation, moreover, 

® Cf Hecht, 1937 

® 1936-37 c, d, 1938 c, 1937-38 d, e 
' Crozier, 1937, 1937-38 d 
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the shift with temperature change (Fig 1, and Section IV) is in the 
reverse direction to that called for by the nature of this formulation ' 

m 

The departures of the /„ values from the curves drawn are shght, 
but are consistent and sigmficant Moreover, at 21 5°, the departures 

TABEE n 

M£anCnttcalFlashFrtguenctts(F^f21 5 wtIhPMi at Ftxed Flash Illuminations 

(hgl) 


Because of the persisting individual differences the mean values of P E i,, 
have been computed (c/ Fig 10) 


lot 1 

Pnt/ue 1 


FEir 

mL 

J 0 

1 19 

0 OtH 

0 0162 

5 S 

2 30 1 

0 0131 

0 0198 

4 0 

i 18 

0 0006 

0 0554 

4 5 

6 76 

0 0321 

0 0835 

3 0 

9 62 

0 0855 

0 156 

3 5 

13 64 

0 0784 

0 135 

2 0 

18 01 

0 0989 

0 0833 


18 11 

0 103 

0 183 

2 S 

23 IS 

0 111 

0 205 


33 10 

0 176 

0 282 

To 1 

27 81 

0 155 

0 221 


27 61 

0 137 

0 212 


37 62 

0 171 

0 304 

1 5 

S2 91 

0 226 

0 393 

0 0 

37 13 

0 2147 

1 0 353 

0 5 

42 01 

0 201 

0 324 

1 0 

46 02 

0 291 

0 304 

1 S 

18 85 

0 153 

0 280 


48 96 

[ 0 282 

0 344 

2 2 

50 01 

0 201 

0 594 


of the Fm data (Table 11) at fixed intensities are of the same kind 
This could anse from one or several different causes the probabihty 
mtegral may not reallv descnbe the data, or the averages Jm may be 
systematically mfluenced by persistent individual differences among 
the curves for the ten turtles, or the readmgs of critical intensities 
may suffer from systematic mstrumental errors 
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The existence of definite differences among the mdividuals used is 
easily demonstrated In each senes of tests (/„ at fixed 21 5° and 
29 5°, Fm at fixed J, 21 5°) rank order numbers are assigned m the 
sequence of decreasmg sensitivities m each set of readmgs ® This 
means that the rank numbers 1 to 10 are given m the order of mcreas- 
mg cntical mtensities for response, at fixed flash frequencies, and in 
the order of decreasmg cntical F, at fixed mtensities In a homogene- 



3 1 5 6 7 8 

21 5 ° 


Fig 2 Llean rank order numbers for Psendemys 1 to 10 at all flash frequencies, 
showmg correlation between relative excitabilities at two temperatures 

ous lot of individuals the rank order numbers for the lot are randomly 
distributed and there are no statistically significant differences between 
the mean rank numbers of the individuals ® In the Psexidemys 
experiments, however, the successive rank positions of an individual 
are correlated The mean rank numbers for two mdividuals may 
differ by seven or more times the P E of the difference Figs 2, 3, 
and 4 show the correlation between the mean rank numbers for the 

8 1936-37 a, b, 1937-38 a 
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separate individuals in different tests Fig 2 is based on the sets of 
observations at 21 5° and 29 5°, Fig 3 on the I„ and expenments 
at 21 5°, and Fig 4 on the determinations of I at two flash frequencies 
(F = 20, 30) at eleven temperatures between 12 2° and 35 8° (Section 
IV) It IS apparent that there is a notable correlation between the 
mean rank order numbers of an mdividual in the various tests The 
relative exatabilibes of the individuals are retamed over a period of 
aboilt 4 months 



Fig 3 Showing correlation between mean rank order numbers of individuals 
for determinations of and of Fm at one temperature 

This individuahty is further seen in the shght but defimte and re- 
peated differences between individuals in the values of T,. and of 
ff/M r which must be taken to obtain reasonable rectilineanty upon a 
probabiUty gnd Fig 5 gives data for two individuals of nearly 
identical mean rank order numbers, at two temperatures, which it 
lustrate this 

While differences of this sort could easily produce the kind of slight 
deviation from theory which Fig 1 exhibits in the averaged measure 
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ments, it is also true that such deviations appear m the data of prac- 
tically all the individuals They seem to be correlated with the use 
of particular lamps and filters to produce the different levels of in- 
tensity of illumination Fig 6 gives illustrations Similar devia- 
tions occur m the data (Fig 7) The maximum single departure 



Fig 4 Showing correlation between mean rank order numbers of the indi- 
viduals in determinations of I„ at various temperatures (Table III) and at two 
dash frequencies {F <= 20, F «= 30) 


IS not over 0 06 log unit, except at the extreme upper and lower ends 
of the graphs At the low intensity end it becomes difficult to make 
accurate observations while at the upper end it is hard to control 
mtensity with adequate precision, in either case “overshooting” of 
the end-pomt is likely to be a factor 
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The scatter of /i bears the same kind of relationship to /„ as vre 
ha\e already found with other forms ’ The proportionality is direct 
(Fig 8) There is no real evidence of a “break” in the plot, such as is 
found for vertebrates havmg both rods and cones ^ There is no change 
of the level of „ with long continued practice The order of 


5i3210l2 



Fig S Showing shghl but cbaiactcnslic differences between the manma to 
which the F — log cun es for separate individuals nse, and similar differences 
m the slopes upon a probability gnd No 7, at 2V 5® (f) and at 29 5® (2), " 

S2 75 No 9 at 21 5 (3) and at 29 5® (4), - 52 63 

magmtude of P E i, is practically identical with that obtained with 
other animals ‘ 

In cases where a homogeneous lot of reacting animals is available 
the nature of the vanation* of Ii and of Fi in the reaprocal eapen 
ments can be shown to require that the and curves cannot be 
identical Forthedataon Psetiiemys this must be tested by measure 
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ments with the separate individuals, and these should ideally be made 
in pairs at the same time The graphs m Fig 9 show that the vertical 



Fig 6 Data for four typical individuals (Nos 1, 2, 4, 8), giving log /i on a 
probability gnd as a function of F, showing the consistency of certam minor 
departures from the fitted curve Horizontal hnes separate regions in which 
particular hght-sources (lamps) and filters were employed It is notable that 
there is a distmct correlation, probably traceable to the inescapable deficiencies 
m precision of cahbration of lamps and filters 



Lamp 

Filter 

a 

100 w. 

“1 10,000” 

b 

(t 

"1 1,000” 

c 

(( 

"1 100” 

d 

(t 

"1 10” 

e 

ii 

None 

f 

g 

h 

500 w 

1000 w 

2 X 1000 w 

It 

tc 

(1 


separation of the F,„ and I„ curves is definite enough, although small 
This IS expected smce the vanation of Fc (Table II) is quite small 
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(m correlation with the rektivel} low general slope of the F — log 
curve, Fig 1), the P„ and I„ observations were not made at the 
same tune, and no detenrunations were made of F„ at measured values 
of consequentlj it is onl} m the central region of the graph that 
any consistent difference could be looked for (Fig 9) More numer 
ous determmations would probably show that the mean tn 

dtvtiiial vanation in P, (Fig 10) would nse to a more distinct max 



29 5 ), deternunations of Fj as a function of log I The small deviations as in 
Fig 6, atecotrelaled -with the useof particular lamps and filters (c/ Fig 6) 

imum' just beyond the inflection point of the F — log I„ graph, this 
is obscured by the relatively larger proportion of instrumental vana 
tion wbicht becomes more important at higher levels of F and which 
bulks larger in this case because P E rj> is so low 
The vanation of Ji is clearly not predommantly of instrumental or 
manipulative ongin, but is due to differences between the individuals 
at the times of measurement, as the rank order analysis proves The 
differences are of exactly the same order as those found with lots of 
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21 5" 

29 5’ 
F=20/sec 
T= 30/sec 


Fig 8 The dispersions of 1/ at different flash frequencies for measurements at 
21 5°, 29 5°, and at -vanous temperatures for F = 20 and F = 30 Log P E i/j 
IS a rectilmear function of log /„, with a slope of 1, over the whole range 



Fig 9 The relation between F and log /.shown for individuals Nos 2, 5. and 
9, over the central part of the graph where the curve (Fig 1) is practicall> recti- 
hnear Jfean values of /e (sohd circlets) definitely tend to he iehw values of Fi 
(open circlets) See text 
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other kinds of animals With Anax these differences tend to persist’ 
for a short time, but over longer mtervals they fluctuate at random 
This persistence appears in tests with different proportions of hght 
tune to dark time in the flash cycle,” but it is not found for animals 
with equivalent portions of the surface of the eye opaqued” — a fact 
for which there is a simple physical explanation,” and which justifies 
the view that the differences are of individual, organic nature 
With -vanous speaes and types of fishes we have used the fluctuation 
m relative sensitivity is mote rapid In Pseiidmys the individual 
differences tend to persist through long senes of tests Thus a kind 
of experimental verification is obtained for the opmion' that the 



Fig 10 PEiriasafunctionoflog/nsestoaminoTmaxiinumintheregionoI 
theF — log J inflectioQ (if Fig 1) 

temporary differences of similar order observed with other animals 
(and, m man and in Anax for a smgle mdividual’) are likewise to be 
regarded as essentially otgamc rather than merely due to "expen- 
mental error ” 


Observations on the dragon fly larva dno*” and on the teleost 
Enntacanlhns'' showed that with elevation of temperature the curve 

’ 1936-37 b 
” 1937-38 e 
u 1937-38 c 
” 1936-37 c 
>» 1936^7 d 
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of F log I„ was moved to lower mtensities without change of shape” 
and with retention of the same maximum Figs 1 and 2 demonstrate 
that this IS true for the flicker cur\>-e of Pseudemys also With Anax 
and Enneacantlms three temperatures were employed (12 4°, 21 5°, 
27 3°), covermg the workable range ^^Tiile this was done mainly 
to detect any change of fonn which the cun^e might exhibit, it was 
also supposed that the complexity of the flicker recogmtion process 
might well make any simple analysis of the underljnng kmetics m 
terms of the relation to temperature impossible This was thought 
to be supported by the fact that the temperature coefficient of is a 
function of I, while m terms of the activation energy {temperature 
charactensheA^') equation the absassa of inflection of the curve gave a 
non-rectihnear relationship to 1/T°cj, The latter argument turns 
out to be erroneous, and, m \aew of our experience with many ex- 
periments bearmg upon this matter,” was not very mtelhgent The 
pomt, of course, is that m biological systems there are often encount- 
ered cntical temperatures” with different temperature charactenstics 
above and below this cntical level,” data at three temperatures can- 
not, m general, be expected to be of much use in such a case if a cntical 
temperature hes between the extremes ” The development of the 
theory of the flicker contour, m the meanwhile, now permits certain 
rational expectations to be entertamed concerning the properties of 
more extensive measurements at a senes of closely spaced tempera- 
tures 

The data are summanzed m Table in They show that the move- 
ment of the cur\^e toward lower mtensities as the temperature is 
mcreased is a regular phenomenon The proportionate change is the 
same at F = 20 and F = 30, and (in conjunction with the full curves 
determmed at 21 5° and at 29 5°) allows the contention that the 
form of the curv^e, and its maximum, are independent of temperature 
The data also show, in confonmty with those on Anax^^ and Emeac- 
authis,^^ that the P E i, vs Im curve is very httle mfluenced by tem- 
perature (Fig 8), despite the marked mfluence upon the speed and 
amphtude of the mdex response (Section I), which is clearly consis- 

” 1936-37 1937-38 c 

” Crozier, 1924-25 a, p 124, 1925-26 b, p 531 

” Cf Crozier, 1924-25 b, 1934-35 
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tent with the view that the vanation m 7i cannot be due to 
expenmental error 

The results of using I, temperature, and proportion of hght time m 
a flash cyde” as variables require that 1/7 be taken as a measure of 
excitability at a given flash frequency It has been pointed out” 

TABLE in 

The dispersion of the measurements of critical flash frequency (P E i,-,) at the 
inflection point of the T — log / graph is positively correlated with the slope of 
the curve at this level [nr /(a log I « 1)] This is a necessary consequence of the 
theory that the breadth of the band defining the relationship between P and I 
IS due to the variability of the discriminatory performance of the organism, since 
PE i« r 13 constant m this region of the curve and is practically the same for all 
the organisms tested (c/ Fig 11) The figures m parentheses refer to “rod” 
portions of flicker response contours 


AaIosI 

Slope 

4F/(Alog;»J) 

PEr, 

Anas* 

44 

1 10 

EfineOionlhM^ 

18 

0 76 

(Sun6sb) 

(4 

0 24) 

Wont 



c 

12 

0 40 


(6 5 

0 16) 

W 

10 4 

0 30 


(7 0 

0 10) 

Tfiturus^ 

9 

0 37 

(Newt) 

<4 6 

0 10) 

Pttudtmys 

6 

0 17 

(Turtle) 




* Crorier Wolf, and Zerrahn Wolf* 1936-37 b 
1 1936-37 0 
} 1937-38 i 
i 1938 d 

that 7 has for the flicker response the significance of A7 in a test of 
intensity discrimination, and we may refer here to the fact that the 
corresponding use of 1/A7 as a measure of exatabihty can be shown to 

”1937-38 <7, e 
” Crazier, 1935-36, 1936 
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have (leaded usefulness for the analysis of differential sensitivity “ 
The effectiveness of a given /, at fixed F, will depend upon the fre- 
quency with which the excitable elements are found in a potentially 
excitable state There are several ways m which this frequency could 
be supposed to be controlled The relevant properties of the whole 
population of exatable elements could be governed by a uniform 
system of chemical events, so that with rising temperature the whole 
frequency distnbution of exatability thresholds (in terms of if I) 
should be shifted to a higher level but not changed in form The fact 
that the duration of the latent penod {LP) for onset of response to 
light, in vanous forms,^® is governed by the temperature m a manner 
descnbed by the temperature charactenstic equation In (LP) 
= —fx/RT const could be used as an argument for the control of 
the properties of an assemblage of exatable elements by the velocities 
of chermcal events in the common medium bathing them Or it 
could be supposed that the mtemal metabohc processes common to 
each excitable element are influenced m the same manner by the 
temperature The latter hypothesis would, however, seem to require 
that each element would then be more frequently excitable by the 
flashes which succeed one another dunng an exposure, hence Fr,ax 
would be expected to appear as a function of temperature, which is 
not observed When the proportion of light time to dark time 
in the flash cycde is decreased, it can be supposed^® that the chance of 
finding any element in an excitable condition has been improved by 
the lengthenmg of the dark tune, and in this way the observed changes 
in Fmax and in the position of the flicker contour,” ” without change 
in its form, can be accounted for quantitatively Thus the param- 
eters of the flicker contour are affected in a significantly different 
way by change of tz./tD and by change of temperature elevation 
of temperature and decrease of ti/to each move the curve toward a 
lower intensity level, and the shift of the inflection point is directly 
proportional to the change in percentage light time, the slope of the 
curve, on a percentage ordinate (cr'iogi) is not changed in either case, 
change of temperature does not affect F max j but F„ax IS a rectilinear 
function of /i/ Ql + to) Alteration of the percentage light time 

Crozier, 1936, Crozier and Holway, 1937, 1938, Holway and Crozier, 1937 
20 Cf Hecht, 1934 
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therefore influences the total number of effective available exatable 
elements (by making each unit more or less frequently available, but 
affecting aU the umts m the same proportion), -whereas this number is 
not a function of the temperature Consequently elevation of tem- 
perature does not multiply the frequency -with which each element 
contributes to the determination of the index response, the increase 
of F at fixed J -with nse of temperature, in the curve between the 
asymptotes, is merely a mechanical consequence of the fact that the 
position of the curve on the log I axis has been shifted Hence we 
must promsionally turn to some form of the first hypothesis, namely 



Fio 11 Data m Table III, showing the dependence of P E ir, at homologous 
points (inflections) on the flickei response curve of -various animals upon the 
slopes of the curves at these pomts The open circlets refer to “rod ' segments 
of fhcVcr contours The departures are naturally greater at the upper end smce 
F E PX.T la proportional to P E r 

that the dependence of the position of the curve on the temperature 
IS due to the effect of conditions uniformly influenang the exatabihty 
of all the elements concerned It is to be recognized that the ele- 
ments in question are defined solely m terms of the effect produced, 
namely the response to flicker at cntical values of F and I 
If the control of exatability by temperature is similar to that ap 
parent m many other biological processes, we should then look for 
the beha-vior of l/I to be such that the measure of exatabihty is 
proportional to the veloaty of underlying chemical changes The 
magmtude of the crude temperature coeffiaent is consistent -with this 
-view The data are plotted in Fig 11 To a very good approxima 
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tioii tlie mesa "values oi 1// adhere to the Arrhenius eouation, Trith 
fi = 26 500 between /= = 12 2 and = 30 0 = 12*400 between 

30 and 35 S”. The deviations on the intensity* axis are at most = 
0 05 log unit this is about the extreme dinerence to be expected in 
duplicate determinations of The chief reason for the departures 
is to be found however in the control of the temperature In water 
the turtle's temperature is not noticeably higher than that of the 
-water - but on removal from the thermostat the temperature of the 
aquarium c h a n ged during the 3 to 5 minutes required for an observa- 
tion and changed more the greater the drderence between the ex- 
perimental temperature and that of the room (21 S'") This was 
corrected for by taking the temperature of aquaria during the penod 
of observation, in control tests The change at the highest and 
lowest pomts was about 0 6~ The mean temperatures recorded in 
Table HI are the average temperatures during the time of observa- 
tion Probably the temperature of the turtle doss not change so 
rapidly. In Fig 11 the same slopes have been assigned to the hnes 
drawn for P = 20 and F — 30 These Sash frequenaes are situated 
one on either side of the inOechon point oi the F — log I carve The 
beha-vnor of i/T— the critical exatabSit}' at the inSection pomt, 
must therefore be -understood to iollovr the same rule 
The measurements in Table HI are brought together for comparison 
by di-vndmg each l/P- at P = 20 bv' a constant (= 10 21) The re- 
sulting Sgures are plotted in Fig 12 with the curves expressing In 
= — f^/RT -r cor si It is dearly impracticable to pass a 
single curv-e through the whole course oi the data An adequate 
description is given by recognition of the cntical temperature at 
29 S"' In this region, and also at the higher temperatures as con- 
trasted -with the lower, the scatter of the determinations should be 
greater, as is uniformly found m such curves “ This particular cri- 
tical temperature 30' ~ 0 5'^ is one rather frequently found ^ The 
beha\-ior of P E ^ (Table HIl is such that it is directly proportional 
to Ir- P constant, when I- is changed by altermg the temperature 
This means that the variation of (1/f) is a constant percentage of the 

C/ also Isxerlm, 1902 
^ Crozier, 1929, 1935. 

^ Crozier, 1925-26 a 
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In our earlier accounts of the shift of the flicker response curve 
with change of temperature we have utihzed” the conception of the 
building up of an effect due to a flash and its decay in the dark in- 
terval The effect responsible for reaction to flicker is then supposed 
to be due to the recogmtion of a mean difference between £2 (in the 
flash) and £1 (in the dark interval) Elevation of the temperature 
leads to a more rapid decay of effect m the dark, hence at given flash 

TABLE rv 

Mean Crthcal Intensthes for Response to Flicker by the Turtle Psendemys at Flash 
Frequencies 20/Second and 30/Second, at thffcrcnt Temperatures 


The reciprocals of the mean critical intensities (milhlamberts) are given for 
F = 30/second, for F = 20/second, shown divided by 10 21 


<*c 



P 



20 

30 

Corr j 

login 

iyin/1021 

login 

1 /Im 

12 2 

2 611 

1 5 I 4 

i 791 

1 618 

15 07 

2 634 

2 28 

i 624 

2 377 

18 03 

2 442 

3 54 

i 466 i 

3 508 

21 5 

2 204 ; 

6 12« 

i 237, 1 231 j 

(i 266) 

5 795 

23 95 

2 017 

9 42 

i 039 , 

9 141 

26 90 

3.826 

14 62 

2 836 

14 62 

29 50 


20 94 

1 2 704 

19 77 

31 32 

3 636 

22 70 

2 639 

22 96 

32 80 

3 661 

26 92 

1 2 682 

26 18 

34 30 

3 630 

29 51 

2 66 

28 18 

35 83 

3 480 

32 43 

2 498 

' 31 77 


frequency a lower mtensity is required to produce a cntical balance 
The exatabihty, as we have defined it by l//m, increases as if under 
the control of the veloaty of some chemical transformation in a sys- 
tem comprising at least two discrete processes with distinct tempera- 
ture charactenstics 

It IS mstructive to inquire how this finding can be reconciled with 
the intensity discrimination theory of recognition of visual flicker 
Quahtatively, m terms of this hypothesis, the summated action of 
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the nervous units involved is pictured as produang the rising segment 
of the "effect" curve and the decay curve for the action of a flash,’* 
the veloaty constant of the decay curve, other things constant, de 
termines the level at which I must arrive to he critical At given I, 
more flash sensitive elements will be excited at a higher temperature, 
the flash effect curve wiU nse more steeply toward a higher maximutri, 
presumably without change in its velocity constant, and to achieve 
marginal response to flicker each flash must be allowed to act for a 
shorter time, hence the cntical F nses, until at a sufficiently high 
intensity all the elements available are activated This works out 
graphically m the manner indicated in a previous paper “ 

In the discussion of an earlier group of expenments we have pointed 
out that a basis can be suggested for interpreting a change in P E n 
at constant /„ when the temperature is altered ’* The measurements 
with Pseudeniys give little evidence for such a change in this case 
(Fig 11), but sufficiently complete sets of data are available for two 
temperatures only 

Taking the picture m Fig 12 as due to the fact that the exatabihty 
(1/7) of the neural elements concerned in marginal response to flicker 
IS governed by the veloaties of chemical events common to all of the 
elements concerned, we have to inquire as to the kind of mechanism 
which could determine control hy a different process on either side oi 
a cntical temperature The general theory of such situations has 
been that the two temperature charactenstics each refer to a speafic 
process (reaction), both of them involved in the control of the veloaty 
which governs the property measured (frequency of a rhythmic 
activity, exQtability) m its relation to temperature, below the cntical 
temperature, one of these processes is m the slow or "master” rdle, 
above it the other It was pomted out long ago ’ that the existence 
of particular cntical temperatures makes it impossible to assume that 
in general the relationship between the two processes is one of mass 
action succession It is necessary to appeal to something in the nature 
of a phase change, or to the structure of chain reactions, in some cn 
tical location” which affects the over all speed of the process whose 
temperature charactenstic is evidenced over the higher temperature 
segment 
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The modification must then be usually such that the process givmg rise to the n 
obser\^ed for the upper segment has had its velocity curve abruptly louered, 
without change of its The occurrence of obser\'able shifts m velocity •wiH'oiti 
change of and vith such changes,-® is proof of the physical reasonableness of 
this conception, which also permits a rational interpretation of the experunental 
modifications of the shapes of temperature curves However, there is also 
emdence^® of evperimentalli’- mduced slow changes of critical temperatures in 
some mstances, these are easih understood as due to a direct effect upon the 
mechanism responsible for the "phase change " 



Pig 13 !/!« vs , the lines are transferred from Pig 12 The data for 
F-2Q have been divided by 10 21 to bnng the two sets of measurements together 


Certam of the relationships contemplated may be made clearer by a diagram 
(Fig 13) It IS necessary, in general, to regard each of the processes revealed in a 
composite p-graph as an individualiaed entity, since it behaves as such in its 
response to experimental treatments The fact that the variation in the 
measured property is, over a straight section of the graph, a constant fraction 


Crozier, 1924-25 h, 1925-26 b, Crozier and Stier, 1924-25 b, Pmcus, 1930-31, 
etc 

Crozier and Stier, 1925-26, 1926-27 a, b 
Experiments m course of publication 
=7 Crozier and Stier, 1924-25 a c, Navez, 1936 
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of the mean (independent of temperature) is extremely difficult to account for 
if the controlling process identified by its n, is really a composite Hence the 
t^o processes (Fig 12) must be conceived as linked m a cham of some kind 
Both are mvolved in the control of the appearance of the end result which is the 
basis of the measurements, whichever is slowest impresses Us temperature char 



Fig U TomdicatediagrammaticaUythcbasisforcontroloftbemagiutudeofa 
phenomenon governed by a system of three concurrent processes catalytically 
linked m the manner discussed m the text The over all frequency of the phe 
nomenon, as a function of temperature is determined by the speed (frequency) 
of the process (a, 6 or c) which has the smallest k Thus if process a were to be 
described by a — a m the figure, a critical temperature {T/) would appear at Pj 
and the Arrhenius plot for the observed frequency would be & — P; — c Smee 
aitical temperatures markedly tend to occur at particular levels of temperature 
rather than m random distribution appeal must be made to shifts such as from 
a' — o' to a — a at a particular temperature (T^) if such a shift due to a phase 
change or analogous modification m some suitable location, produces a sufficient 
elevation of k without changmg the slope of the Arrhenius plot the over all 
observed frequency will follow the broken line h — Pz — a' shifts of the type 
0 ~ o to o' — o' are known 

actenstic upon the over all velocity of the whole Physical models of this sort are 
easily contrived,** but are likely to be misleading It is sufficient to suppose 
that we have to do with two processes which provide materials makmg excitation 


** C/ , c g , Hoagland, 1937 
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possible, the excitabihty will rise with the rising rates at which each of these 
provide their particular substances 

The simplest assumption seems to be that we may consider a catenary set of 
catalytic processes, A,B,C, , in which the rate of the terminal process, say C, 
determines the velocity underlymg the control of the observed phenomenon The 
observed phenomenon is taken to behave as if controlled by the velocity of a 
transformation X ^ Y The velocity constant i of this process governs the 
behavior of the observed phenomenon (here, 1/4.) as a function of the tempera- 
ture The rates of the processes A , B, and C are defined in terms of thefrequenctes 
with which fixed quantities of their products are produced For consistency in 
discussion this type of definition is necessary, since the nature of the formulation 
of the end result — the relation of the observed critical driving potential to tem- 
perature — depends upon the implicit definition of critical mtensity as connected 
with the magnitude of the sensory effect which must be brought about (at a given 
flash frequency) this definition is obtamed by means of the equation defining the 
dependence of I upon F, and is stated in terms of a summation of frequencies of 
elemental neural effects The idea is specifically that, as in periodic contact 
catalyses, the step B B' cannot proceed untd a quantity of material A^' has 
formed from A, and cannot recommence until a new AA ' has been formed The 
frequency with which the reaction B B' can begin must consequently depend 
upon the magnitude of m the scheme 



It IS obvious that the frequency with which AC is produced, in a series of such 
steps, will depend upon the smallest value of k' Thus the velocity constant h 
wdl be governed by (proportional to) the value of this particular k' Nothing 
need be specified as to the mechanism whereby AA ' releases the process B -*B', 
It could be by covenng, or rupturmg, a film on a catalytically active surface, or by 
other means, the transformations of j4 A', etc , could be, and might well be, 
cychc In general, the critical increments for k'l, k'z, k'z, etc , will not be the same 
Hence there is opportunity for change of temperature to alter the step for which 
k' IS the slowest It necessarily follows from such a scheme that if a change of this 
kmd is brought about, each k' increasing with temperature, that the particular 
new k' brought into control over a higher range of temperature will have a smaller n 
than that apparent over a lower range Thus in Fig 13, only the k' having a 
smaUer ^ (* e k'c) can possibly have its curve cross that for k'a, assumed to be 
smallest at the lowest temperatures 
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It •will be observed that this mechamsm provides sharp breaks m the curve of 
k IS i®, provided k'l, fc'j, k'l arc not too far apart and have the proper disposition 
of It does not, however, explain why the breaks predominate at particular 
temperatures, nor why there do also occur occasionally (at these temperatures) 
shifts of control to a /x or a fe which is higher Catalysis, however, occurs at 
film covered surfaces, the constitution of surface films is such that cntical tem 
peratutes may be a prominent property,*® the doubling of a covering bamer 
film could easily produce a shift of a Jb', with or without altering Us position as 
smallest m a set, and thus produce a change in the over all k with or without 
altering its or it could, equally well, by changing one •value of k' bring it (with 
Us /x) into the governmg, slowest position at higher temperatures 

There arc other forms which this type of hypothesis can take, without affecting 
Its fundamental nature It allows for the introduction of effects which may (under 
some conditions) modify the position of a critical temperature, and it gives a 
basis for the interpretation of the known experimental modification of fe and 
Moreover, U suffices to account for the fact that the relative variation of the 
quantity taken as proportional to ^ ^ 1//) is independent of the temperature, 

in the present case, for example, 0 ( 1 //) /i/I *» 0 r//,forr constant, is independent 
of temperature This is easily accounted for quantitatively on the basis that the 
magnitude of the controlling frequency constant — e g ka or ^ 0 , fluctuates at 
random 

The basic fact about the necessary guiding assumptions is that the 
assumed processes (reactions) are supposed to have speeds governed 
by the mean rates of formation of catalysis, *1 not bv mass action of 
the concentrations of substrates This elementary point has been 
curiously o\erlooked by at least one cntic of the “master reaction” 
conception ” The kanetic equations for successive irreversible mass 
action processes long ago*^ ” made it dear that sharp breaks in the 
over all rate curve could not be charactenstically produced by alter- 
ing the temperature, with such systems For that reason, of course, 

*® Cf Pincus, 1930-31 (Cases m which the plot of log k vs 1/T is concave 
upward {n increasing wnhmwurfy •with O obviously signify the concunent 
influence of at least two independent processes (ef Crozier 1924-25 b) An 
instance m which the data for a case of this sort give rather striking confirmation 
of the theory of specific temperature charactensUcs when suitably analyzed 
although differently regarded by their author, is found m a recent paper by 
Korr (1937) ) 

*® Langmuir, 1933 
Crozier, 1924-25 6 
• Burton, 1936, cf Hoagland, 1937 
** Rakowski, 1907 
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and for the equally good reason that the breaks occur at definite 
temperatures, no schemes on this basis were ever presented, and it 
was early pomted out-^ that appeal must be made to a different basis 
for shifts from one n to another 

SUMMARY 

1 At constant temperature, mth a fixed proportion of light time 
in a flash c}^c]e (namely, Ijl^ = 1), the mean critical intensity for 
motor response to visual flicker by the turtle Psendemys scripta 
follows a probabihty integral (log I) as a function of flash frequency 
F The fit IS close and satisfactory, certain quite minor but con- 
sistent deviations are adequately explained by features of the ex- 
periments 

2 The variahon (ct/) of cntical I is directly proportional to the mean 
cntical intensity (/m), over the entire explorable range 

3 These facts are consistent with the fact that the retina of this 
turtle IS devoid of rods It contains only cones, histologically, which, 
with their central representations, provide a single population of 
sensor^^ effects The properties of this population are compared 
with those of homologous populations deduced from corresponding 
measurements with other forms (vanous fishes, amphibian, man) 
which exhibit i'uJo such groups of sensory effects associated with the 
possession of retinal rods and cones 

4 Certain other formulations which have previously been applied 
to homologous data obtained with other organisms do not properly 
descnbe the Psendemys measurements 

5 The use of a probability integral to descnbe the data of response 
to visual flicker for the dissection of the compound curves provided 
by animals possessing both rods and cones, is accordingly justified 

6 Persisting differences among indmduals of Psendemys as re- 
gards the values of the cntical flash intensity under vanous conditions 
of expenmentation are of the same order of magnitude as are the 
transitor}’ differences found in lots of other kinds of animals 

7 Determinations of mean cntical flash frequenc> (Fri) at fixed 
levels of I he shghtlj above determinations of at fixed values of 
7, as with other forms The vanation of cntical flash frequency goes 
through a maximum as log I is increased, its height is lower than 



W J CROZIER, E won, AMD G ZEEEABN WOLF 


339 


with certain other forms, in correlation with the low general slope of 
the P ~ log I curve (more properly, band) 

8 These facts are consistent with the view that the dispersions of 
the individual critical mtensities (and flash frequenaes) are deter 
mined by organic vanation rather than by “evpenmental error ” 

9 When the temperature is altered the F — log /„ curve is shifted, 
with no change of F^ or of shape, the curve moves to lower in 
tensities as the temperature is raised 

10 The reaprocal of the mean critical intensity, at fixed flash 
frequency, is a measure of excitability With increase of temperature 
(12 5° to 36°) 1 /!„ for given F follows the Arrhenius equation, ex 
hibitmg a “break” at 29 5° (m = 26,700, 12 5° to 29 5°, 12,400, 29 5° 
to 36°) This IS explained by the necessary theory that, the number 
of elements of sensory effect required for the index response at fixed 
F being constant, the ease of their exatation is governed by tempera 
ture through its control of the veloaty of an interrelated system of 
catalyaed processes common to all of the sensory elements concerned ** 
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THEORY AND MEASXHIEMENT OF VISUAL MECHANISMS 


I A Visual Discrihinoiieter II Threshold Stimulus 
iNTENSrtV AKD RETINAL POSITION 

Bv W J CROZIER AND A H HOLWAY 
(From ike Biological tAhoralories, Harvard Universilyf Camlndge) 

(Aaeptcd for publication, August 11, 1938) 

I 

A Visual Discnmsnometer 

Vanous quantifiable properties oi visually controlled response can 
be regarded as essentially expressions o! a single functional process 
The measurements depend fundamentally upon the performance of 
the organism in respondmg to a spatio temporal pattern of at least 
two physically estimated luminous intensities According to the 
particular conditions imposed we may be dealing with phenomena 
like “intensity discninmation,” “flicker fusion," “visual acuity,” 
or the tune course of sensory adaptation In the treatment of visual 
exatation as a sensory phenomenon there has been a pronounced 
tendency to discuss such mamtestations as separable and distmct 
The particular visible pattern to which the orgamsm gives an index 
response, or expresses discmmnatory decision, is, however, the only 
real distinction of any one of these "visual functions The pattern 
may be one which presents two mtensities sunultaneously, on differ 
ent parts of a visual field, or they may succeed one another in tune 
One of the two intensities may be equal to zero The two intensities 
may be “equal,” but differ as to wavelength, or as to retinal area, 

> Crozier, W J , 1935-1936, / Gen Physiol , 19, 503 1936, Proc Nat Acad 

Sc, 22 , 412 

Crozier, W I , and Holway, A H , 1937 a Proc Nat Acad Sc , 23, 23 
Holway, A H , and Crozier, W J , 1937 6, Proc Nat Acad Sc ,23, 509 
Holway, A H , 1937, J Opt Soc America 27, 120 
Holway, A H ,andHurvidi,L M, 1937,7 Psychol ,i,iW 
Holway, A H , and Crozier, \V J 1937 a, Psychol Rec , 1, 170, 1937 i, 1, 178 
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or exposure tune The conditions may be such that time is bnef 
and constant, or so long in speaal instances as to be -nnthout signifi- 
cance, presentation ma}’’ be continuously uniform, or abruptly dis- 
crete and single, or cychcally repetitive, other parameters, — for ex- 
ample, retmal position,— may be involved, and in tests of different 
kinds each of the intensities concerned ma)’- be made to differ inde- 
pendently with respect to any of the other parameters The organ- 
ism Itself may be permitted to var}^ or change, — as in a dark adapta- 
tion experiment All of these vanous circumstances specifically 
circumscnbe and delimit the conditions under which the discrimina- 
tory activity of the orgamsm is called upon to exhibit its performance 
A fundamental functional activity concerned throughout is that of 
intensity dtscrtnnnaiion The properties of this activity are to be 
defined by the manner in which its numencal measurements behave 
as functions of the conditions under which it is exhibited 

Certain general rules are now known to apply to the data of sensor}' 
discrimination, regardless of the particular set of conditions dunng a 
given kind of expenment Thus if two intensities 7i and It are com- 
pared, 1\ being fixed and It adjusted until just perceptibly greater 
than Ji, then the mean difference = It — /i, where /s is the mean 
of the adjusted values of It, is found in all cases to be directly pro- 
portional to the standard deviation (tru/, = (Ti/,) of the distribution 
from which it is computed ^ And the relation between A7 and It is 
in general of a simple and straightforward kind = The analysis of 
vanous bodies of data shows ^ ® that these relationships can readily be 
understood from the standpoint that the performance of the organism 
m executing the discriminatory act is essentially one exhibiting lawful 
fluctuation the mdication is that <rj, determines A7„, rather than the 
reverse ^ The discriminatory performance, as measured, usually and 
characteristically involves the reacting orgamsm as a whole The 
immediately responsible nervous elements, however, are centrally 

* C/ Upton, M , and Crozier, W J , 1936, Proc Nal Acad Sc , 22, 417 

Crozier, W J , and Holwa}', A H , 193S, Proc Nat Acad Sc , 24, 130 

® Crozier, W J , Wolf, E , and Zerrahn-Wolf, G , 1937, Proc Nat Acad Sc , 
23, 516 1937-38, J Gat Physiol , 21, 17 1938-39, m press 

* Crozier, W J , 1935, Determinisme et vanabilite. Pans, Hermann et Cie, 

s^Holwaj , A H , and Crozier, W J , 1937, Proc Nat Acad Sc , 23, 509 
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Situated, t e , are not the penpheral receptors This mahes it in- 
telhgible that the elementary rules for the data of sensory discnmma- 
tion are identical (sa\ e f or dimensional constants) whether one deals 
with phobc excitation of the retina, auditory sbmulation, pressure 
exatabon, or tensive exatabon of propnoreceptors ‘ It is thus also 
understandable that for a given tvpe of exatabon, as by hght, the 
form of the rules required is in no way dependent upon the penpheral 
structure of the eyes m diverse animals * • Area of a retina illumina 
ted may enter as a complex factor owmg to the morphological pattern 
of the distnbubon of the sensory cells,* the gross structure of the 
sensory field may introduce other secondary features,* but the char 
acter of the relabonship between stimulating intensity and magnitude 
of sensory effect may be mdependent of the specifiatics of sensory 
structure * 

Sensory effect is measurable only in an indirect way its magmtudes 
determine the size of the intensity difference AI which results from a 
given test of mtensive discmnmation If for magnitude of sensory 
effect we write E, then the quantitative relabon between E and I is 
the ulUmate object of inquiry We have to detenmne this relation 
ship by means of the properbes of A/, to a given value of Ar„ = /, — 
Ii there corresponds a quantity AE, = £j — Ei, the problem is to 
determine the nature of this correspondence The investigabon thus 
becomes basically a study of the physiology of intensity discrimina- 
tion As such it must mvolve the physiology of the lawful vanable 
ness of orgamc performance, smce this is a umversal attnbute of the 
basis of such measurements This requires, as Helmholtz for other 
reasons clearly foresaw and emphasized,’ a kind and a degree of care 
and preasion in biological experimentation such as work upon the 
properties of non hvmg objects per se rarely requires Without this, 
it becomes impossible to study for its own sake the test object’s con 
tnbubon to the distnbubons of the measurements * • 

‘Hedit,S 1937 Pfiysiol Rev 11,239 

Crozier, W I Wolf E . and Zenahn Wolf, G , 1937-38, J Gen Physiol , 21, 
223, 1938-39, m press 

’Helmholtz H-L , 1924 Physiological optics, New York, Journal of theOpti 
cal Society of America 3rd edition (translated by Southall) 2,77 

* Crozier, W J , 1929, The studs of livmg organisms in Murtdiison, C , The 
foundations of experimental psychology, Worcester, Clark University Press 45 

Suer, T J B , and Crozier, W J 1932-1933, / Gen Physiol , 16, 757 
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One source of confusion can be avoided by refraining from the 
practice of averaging measurements from a number of indmduals 
The essential requirement has been defined^ as homogeneity of the 
data to be used In the absence of true homogeneity, mere increase 
of superfiaal statisbcal preasion may ser\fe only to obscure the 
fundamental phenomena one is seeking to explore With human 
subjects, where age and relevant genetic composition are both signi- 
ficant vanables, the cntenon can be apphed, in general, only in the 
case of senes of observations obtained with the same individual A 
particular advantage of the human subject lies in the fact that a 
greater vanety of tests can be made than with any given t>qie of 
lower animal thus far exanuned The speaal importance of msiia] 
performance (as a type of sensory response) is that a greater range of 
intensit)’’ (some twelve loganthmic units) can be adequately explored 
experimentally than with other tjqies of sensory exatation 

The demonstration of genetically determined differences m the 
reactive performance of animals^ ® gives a factual, empincal basis for 
the abandonment of the analytical effort to learn anything about the 
mechanism of exatatory processes by augmenting the number of 
(perhaps genetically unlike) subjects to be included in a senes of 
observations in an attempt to obtam increased precision of numerical 
results With certam lower orgamsms this can be done, because it 
is possible to obtain groups of induuduals which are demonstrably 
equivalent for the purposes of a particular experiment * Where 
many human subjects have been employed by others in the past no 
such cntenon has been applied 

A parallel and equally important requirement of the investigation 
of the properties of the parameters of visual exatation is that the 
examination of the intensity discnmination response, under diverse 
conditions of its exhibition, should be made with the same source of 
light and with the same apparatus The significance of this require- 
ment IS obvious if one considers the problem presented by the measure- 
ment of luminous intensities in absolute units, or in units which shall 
be comparable if frequenc)' (wavelength) is caused to vary It is 
equally important in other ways 

* Crozier, W J , and Pmeus, G , 1929-30, / Gen Physiol , 13, 57, 1935-36, 

20, 111 
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These general requirements have been espeaally in mind in the 
design of the ^'discnmmometer” -which -we now descnbe It was 
sought to de-vise an instrument which -would permit the prease and 
convement mvestigation of properties of human visual response such 
as have been traditionally grouped under such rubncs as intensity 
discrimination, flicker fusion, color mixture, sensory bisection, equal 
bnUiance steps (distances), -visual acuity, and the like The require 
ments include the necessity of binocular as well as of monocular ob 
servations, under conditions such that the variation of cntical il 
luminations can be mvestigated (and, when possible, the fluctuations 
in the exatabihty function as a whole), and the control of intensity, 
area, retmal location, wavelength, and duration of exposure The 
work thus far done with it shows that the mstrument is capable of 
produang highly accurate results and that it has the desired flexibility 

The optical system and a schematic plan of the visual discnnunometer are 
shown diagrammatically m Fig 1 The general plan may be outlined first The 
lenses Li are the objectives of three collimators focussed at 5 a common source 
of lUumination Parallel bght is regu]arl> reflected at 90 at Pi to the lenses Lt 
which bring the rays to a focus in the plane of 5i,tbe bilateral slits of the discnmi 
nometer The three uniformly iUummated apertures 5i nowserve as three second 
ary light sources of equal intensity and essentially identical wavelength compost 
tion Lenses Lt constitute the objectives of another triple collimator system 
Parallel light enters the head of the discnmmometcr {B) and then passes on 
through a large couvergmg lens Li Light from the compianion collimators 
passes directly into Li, light from the other collimator is reflected 90® by the 
front surfaced mirror in the center of the head and thence mto the center of Li 
This lens terminates the second senes of collimators and at the same time serves 
as the objective lens of a bmocular telescope The mclmed body of a bmocular 
microscope head (Jfff) and the eye piece- E complete the general plan of the 
optical assembly 

The observer looking mto one of the c>e pieces can see a tripartite pattern, 
the evenly lUummated images of the apertures Si (Fig 2) An evenly 
iUummated arcular ‘surround * (MaxweUian view) can be obtamed simply and 
immediately by shdmg any one of the lenses, Lt so that its first focal point lies 
m the plane of ij Relative to Si the system Jlffl" and m conjunction with 
the lenses Lt may be regarded either as a short focus binocular telescope or as a 
long focus compound microscope 

The prunary light source (S ) is housed m a special aluminum casting built 
with fins to provide a highly radiating surface The housing is of ample siae 
(21X21X31 cm ) and can. easily accommodate a 2000 watt Mazda lamp A motor 
and fan tend to mamtam a constant temperature by forcing a blast of cool air 
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through the chamber The temperature at the cover of the ]amp house, dunng 
operation, a\ erages about 5° (or less) abo\ e that of the room The lorce of the 
blower is regulated b\ a rheostat located on the base plate at the right of the 
discnminometer head (cf Fig 3) The remoi-able top is so constructed as to 
permit continuous ventilation and essy access to the bulb A stage, adjusted 
mechamcall} from outside the lamp house (vertical rack-and-pimon and plane- 



Fig 1 Schematic plan mew of the %TsuaI discnmmometer For descnption, 
see text. 


horizontal controls are promded), supports the lamp and insures perfect centenng 
of the vade nbbon filament 

The hght paths of the optical s>stem are mdicated b> dotted lines in tig 
Licht enters the first set of collimators -a the two quartz objectives, h Thte 
lenses are opticallv accurate and are mounted m movable nng-tvpe ho den 
Cvlmdncal Christiansen ceUs (Q are located just behmd the object es 
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rccungular isosceles pnsm totally reflects the light m the single collimator at 
Pi, while front surfaced chrom alummized mirrors reflect the beams in the twm 
collimator Each mirror is supported individually by an adjustable stage In 
all cases, the reflectors are placed at 45* to the inadent hght Upon strikmg 
these surfaces the beams are reflected at right angles into lenses that are 
mdependently mounted and appropriately stopped m cyhndrical draw tubes 
The draw tubes shde co axially in body tubes and can be maintained in fixed 
positions b> means of knurled thumb screws These adjustable lenses serve to 
place real, shghtly magnified, and evenly illuminated images of the flat nbbon 
filament in the plane of each sht, Si 

The slits are quadrilateral, each bemg formed between the knife-edges of two 
pairs of metal jaws which can be accurately and mdependently adjusted by 
means of fine pitched screws The edges are sharp and straight To insure paral 



Fig 2 The form and proportions of three contiguous hght patterns which 
can be placed on cither or both retinae of the observer The uniformly lUumi 
nated images 1, 2 and 3, can be independently vaned m mtensity, wavelength, 
size form, time relations and retinal position two of them, or all three can be 
made to overlap completely 

lelism of the sht opening the jaws are fitted exactly into two parallel guides cut 
m a rectangular brass frame The frame is screwed to a bed plate of sohd brass 
The latter is attached to a strong support is located m a plane perpendicular to 
the optical axis, and can be rotated and lifted or lowered for final abgnment of 
the apertures m the field of view A rectangular openmg permits the passage 
of hght through the bed plate To minimize the chance for side play the 
lengths of the bearmg surfaces are large relative to the size of the maximal, clear 
aperture The jaws are bevelled and so placed that the fiat edges face the source 
of hght All the elements of this assembly are uniformly black. The capstan 
head screws actuating the jaws work m blocks fixed to the bed plate support 
In each instance the screw passes through a pair of fired nuts one on the bed 
plate the other on the slide The screws may be easily adjusted from the out 
side of the instrument and can be secured in place by lock nuts Any one 
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of the three shts can be increased so as to produce a clear image which subtends 
a visual angle of approximately 40“ on a side at the principal point of the ej e 
when appropriate oculars are employed 

The slits S 1 also he in the focal planes of the lenses Ls which are identical u ith 
Li with respect to mounting and adjustment Parallel beams from enter 
the head and then pass on to Li Li is screwed into a fixed mount, and converges 
all of the rays passing mtothe head of the inclined binoculars where the rays are 
equally divided, twice reflected at right angles, and finally enter the paired eye- 
pieces, E Coupled with the eye-pieces, Liis, thus the objective lens of a binocular 
telescope focussed for "infinite distance ” 

Each eye-piece may be supplied with a small camera lucida (Abb6 type) which 
provides a movable fixation point m the dioptric focal plane of the observer’s 
eye Vertical adjustments permit the prisms of the cameras to be placed at the 
eye-point, and two concentric adjusting screws allow them to be independently 
centered Small neutral tint filters between the eye-piece and the mirror regulate 
tlie intensity of the fixation pomt Artificial pupils can be attached to tlie oculars 
Ordmarily, however, such pupils are not necessary smce the maximal diameter 
of the light beam at the eye-ring of our oculars is less than 2 mm 

The optical axes of the binoculars are parallel A dial, graduated in milli- 
meters, and conveniently located in the binocular head, is used to adjust the eye- 
pomts to the interocular distance for different observers and to reproduce settings 
with the same observer at different sittings One of the ocular tubes is provided 
with a spiral screw to accommodate for slight differences in accommodation 
between the two ej'es, — a very important matter for the measurement of binocular 
thresholds A monocular head, body tube, and shield can be substituted for the 
binoculars when necessary A Bausch and Lomb combination chin-rest and 
head-support is used to reduce extraneous movement 

All lenses are achromatic Enclosing the body tubes of the collimators is a 
protective metal casmg The entire assembly is supported by vertical columns 
Each of the supports is flanged at its base which rests on a smooth, heavy, cast- 
iron base-plate, the principle of the hole, slot, and plane is employed here and the 
supporting columns suffer no twisting or lateral strains Spirit levels are mounted 
at right angles on the base-plate, and three levelhng screws centered in circular 
bed-plates serve to maintain the base in a horizontal position This accuracy in 
design and ruggedness in construction are necessary to insure rigidity and dura- 
tion of ahgnment and adjustment under the severe routine of continuous use 
Control of Intensity and Wavelength —To control mtensity, each of the light 
paths IS supphed ivith appropriate mounts and holders for a wedge, a balancer, 
and for filters The intensity of anv one of the three beams can be varied inde- 
pendently (1) m stepwise fashion (neutral fiilters, diaphragms), or (2) continu- 
ously (v. edges) The filters are clamped in small aluminum castings which fit 
snugly into chambers (CH) prepared especiaUy to receive them The same is 
true for the balancers ^Vhen necessary, filters may be placed in front of the 
obj6Ctiv6 lens i 4 in tbe bend of the discriniinometer 
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The wedges are mounted m frames and fitted securely in brass carnages (Ca) 
which can be raised or lo^ ered by means of a smoothK operating hehcai rack and 
pmion adjustment The rack is strong the pinion gear spindles heav> Vertical 
movement is imparted to anv one of the carnages remotely through a steel shaft 
actuated by a bronze knob or hand wheel at the operating end (c/ Fig 3) The 
knobs are convenientl> accessible and easy to manipulate Tension just sufficient 
to prevent slipping is exerted against the wedge carnage The motion can be 



Fig 3 Perspective view of the visual discnminometer For description 
see text 


stiffened or eased at will Only slight tension is needed, however, since the area 
of the surfaces in contact is considerable Universal joints remove unnecessar\ 
strain on the shafting and the surfaces are provided with oil grooves These 
factors in conjunction with the working of the hehcai pinion gears insure smooth 
operation without backlash Each carnage is supplied with a vernier scale and a 
shielded reading lamp The collimator tubes are built m conveniently removable 
sections and large Nicol prisms can be inserted to var> intensitv or for other 
purposes 
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Intensities are measured near the e\ e-point either photometrically or m terni« 
of radiant energy The nature of the problem determines the method this point 
will be discussed in subsequent reports The range of intensities now being used 
e\tends from below the Msual threshold up to a region which produces glaring 
and painful effects, ; c , the entire range practicable for the study of y isual intcn'-i- 
ties (about tw eh e logarithmic units) 

For wayelength control, combinations of absorbing glasses and gelatin filter^ 
can be used in the filter holders When an unusually narrow band of yyay elengths 
(e g a ‘ fine”) is necessary this purity can be obtained through the addition of 
proper absorbing solutions placed in the quartz cells (C) and used in conjunction 
with an intense “monochromatic” source A calibrated spectrometerisproy ided 
and can be attached to either of the eve-tubes for reading the wayelength of the 
filtered light Aji image of the resulting spectrum can be placed on either or 
both retinae of theobserv'er The intensity of this light (after calioration) can be 
controlled in the usual manner Three beams of the same or of different wayc- 
lengths from a single source may thus be varied independently in intensity By 
proper alignment of the apertures at the slits the images may be cvactlv controlled 
m the focal plane of either or both of the eyes to form an unusually accurate and 
useful color-mixer 

Control of Stze, Form, and Posttton of Images — The slits 5i prov ide an accurate 
means for continuous yariation of the area of rectangular images Howeyer, 
provision is also made for apertures of fixed area of varied (c g , circular, annular) 
shapes The various shapes are produced on quartz plates, the region sur- 
rounding the desired figure being opticall stopped with a silver coating A 
thin optically worked cover-glass cemented over the plate eliminates entirely the 
necessity for removing dust particles from the edges These patterns can be cut 
to any desired form and size, the slides arc readily substituted in place of the 
adjustable slits The light patterns produced bv these forms are sharplj defined, 
they can be moved about and secured in anv desired position within the 40° field 
of V lew The linear or angular dimensions of these images are measured w ith the 
aid of a div ided (objectiv e) scale and filar micrometer 

Control of Exposure Time, Flashes, Flicker Cycle — The sections at C are re 
movable, and shutters placed in the openings can prov ide long or relatively brief 
exposures of anv desired image A catoptric pendulum can readily be installed 
for extremely short exposures (flashes) Tor flicker, front-silvered rotating 
sectors are moved into the plane of the reflector in the discriminometer head, the 
motor, reducing unit, and controls are held in place by a support which is inde 
pendent of the discriminometer This prov idcs an accurate means for altering 
cyclically the intensity of a sharply defined image without in anv wav di-turbing 
Us form or position, and also for controlling the amplitude of the intensify cycle 
An important aspect of the latter feature is that, by the u=e of the rectangularly 
disposed light beams in the apparatus, it permits the inv estigation of the hitherto 
neglected phenomena arising when two finite intenMtie-> are cyclically altermted 
in a systematic wav 



W J CROZIER AND A H HOLWAY 


351 


By the substitution of a different type of binocular head, with two objectives 
focusing upon the sht images in 5, it is possible to investigate the properties of 
intensity discrimination under various conditions of difference of illumination 
m the two eyes, and of phase differences in flash cycles for the two eyes by bmocular 
fusion 

R6suml — A device has been constructed which femiits the in 
vestigation of difierent aspects of human visual evatabdity over a 
wide range of luminous mtensities, and under conditions such that 
vanous significant parameters of the visual response function are 
under prease control The use of a single instrument for the inves 
tigation of superfiaally diverse types of visual performance contnb 
utes in a sigmficant way to the homogeneity and comparability of the 
observational data 

We are under obhgabon to Mr A D Jones and his Optical Com 
pany, of Cambndge, for excellent work on the optical parts of this 
mstrument, and to Mr Carl Heinnch, saentific instrument maker, 
of Boston, for his very supenor execution of the mechamcal design 

n 

Thresholds and Retinal Position 

Our discussion of the theoretical onentation from which quantita 
five visuai data are to be interpreted has implied a divergence from a 
current and rather powerfully supported view The measurable 
properties of visual performance are commonly regarded as giving 
information about the retmal exatatory process, including its photo- 
chemistry ‘ The development of this conception has been basically 
dependent upon the results of fittmg curves by which it is attempted 
to correlate the properties of certain equabons with numencal features 
of different aspects of intensity discrimination Such equations are 
m fact non specific Without independent tests of the meamngs of 
their contained constants, they are without real significance In at 
least one case, these constants do not experimentally exhibit the 
necessary properbes The method of fitting the photochemical 
equabons to the data is usually highly arbitrary, and completely 

Croaer, W J , Wolf, E , and Zerrahn Wolf, G , 1936-37, / Gen Physiol , 
20, 393, 1937-38 a, 21, 313, 1937-38 b, 463 
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neglects the known properties of the variation present in the measure- 
ments The resulting descnptions, for these different reasons, cannot 
be umque We shall find it necessar}'- to return to these matters in 
subsequent reports 

We are concerned now with an essentially quahtative point which is 
of special importance in the theory of photic exatation, namely the 
relations, if any, between numbers and kinds of exatable peripheral 
sense cells and the judgments of mtensive discrimination These 
relationships, and the amounts or rates of chemical changes supposedly 
assoaated therewith, have never been theoretically danfied They 
are specifically important for the view that the data of \usual ex- 
citabihty m an immediate, proportionate way reflect the physico- 
chemical orgamzation of the retina The fact that the human retina 
ordinarily contains at least two classes of exatable elements, “rods” 
and “cones,” permits a real test of certam aspects of this whole situa- 
tion Vertebrates generally which exhibit these two classes of visual 
cells provide \asual response curves which are in two distinguishable 
parts or sections This, of course, does not constitute proof that the 
penpheral two classes of primary neurons are the determimng factors 
in this duplexity, nor does the fact that a vertebrate known to have 
only cones fails to show a duplex constitution of its visual response 
curve “ 

For the human visual apparatus scotopic (“twilight”) vision is 
conventionally considered to be associated pnmanly or exclusively 
with the exatation of the retmal rods,® and the magnitude of the ab- 
solute threshold stimulus (A7o) for the dark adapted human eye has 
been taken to depend upon the exatation of a given number of rods,” 
as if a satisfactor)' basis for the interpretation of such results were to 
be found simply m the excitation of penpheral sense cells An early 
paper by von Kries” shows that monocular ATo for a small area de- 
creases with increasing distance from the fovea, whereas the curves 
drawn by Kleitman and Pieron through their data purport to show 
that ATo increases with increasing distance from the fovea ” Thus 

” von Knes, J , 1895, Z Psychol u Physiol 5 : 7 ;;icjor^a;;c, 9 , 81 , 1897, 16, 327 

” Kleitman, N , and Pieron, H (1928, Ann Psychol , 29, 57) report data nhich 
at first sight seem to contradict this finding Their results purport to give values 
of AI, as a function of distance of the light image from the fovea, but at least tv,o 
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m the two most complete available senes of measurements beanng 
directly upon this question the indications are apparently contra- 
dictory, although the distances concerned differ, evidence for the 
evaluation of this matter is presented and discussed m the present 
paper 

Method and General Procedure 

Two collimators of the discnminometer were used m the expenment The 
sht opening at S was reduced m size until it presented a square light image The 
size of the image was adjusted throughout the expenment so that it subtended 
at all times a visual angle of 4 8 mmutes on a side at the nodal point of the ob 
server s e> e A liny aperture pierced m a thin sheet of aluminum foil, mounted 
m the adjacent sht base plate, served as an adjustable fixation point Both 
the image of the fixation point and that of the test source were located m the first 
focal plane of the eye piece AWrattenfilter(No 70), inserted at iC (c/ Fig 1), 
■was used to color the image of the fixation pomt The size of the test image and 
the distance separating it from the fixation image were measured directly with a 
filar ocular micrometer A calibrated camera shutter centered and ngidiy 
mounted in the head of the discrimmometer, -was employed to control the expo 
sure time of the test image Single flashes of constant duration («> 0 20 ^ 
Cd t •0 019 second) were used throughout the experiment For various 
reasons, which need not be fully gone into here, the variation of this exposure time 
(cc 10 per cent) cannot be responsible for the observed behavior of the total 
vanation m the values of the threshold intensities (cxai ) for retinal excitation, 
for example there are persistent (and therefore organic) differences in the relative 
vanation of AT for difieient observera m various senes oi measutemfnts only a 
portion of which are used m the present paper (Tables I II, and III) , moreover, 
when the exposure time is lengthened its measured vanation (with this shutter) of 
course increases, but A! declines and so does the value of In the present 

senes, mean um • 0 097 AT , the proportionality constant is the same* as for 
other procedures m which Al is obtamed for finite levels of Ii, so also is 
this emphasizes the mtimate connection of AI with era; The shutter was call 
brated with the aid of a strmg galvanometer to which a high speed movmg film 

corrections are required for their data The first, the cosine correction, is readily 
made As the eye is turned through an angle 0, the effective area of a constant 
pupd aperture (and therefore the intensity of the retinal unage) is reduced b> a 
factor very nearly equal to cos even when an immobile eye is employed the 
mtensitj is probably dimmished by cos 6 (—a correction on this basis has o! course 
been apphed to all our data) The second correction is more complex and un 
fortunately, cannot be estimated It mvolves the state of dark adaptation and 
(at extreme angles) also involves the effect of a varying stop (due to the observer’s 
eyelid and eyelashes 0 
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camera vras attached A smusoidai disturbance vras impressed upon the string bi 
altematmg currents from a calibrated beat-frequenc} oscillator (GR ti-pe 613-A), 

the amplitude of the vibrations bemg adjusted by means of a microiolter 
(WE ti-pe 509-'^') 

Absolute threshold stimuh vrere measured at eighteen different retmal positions 
along the 0-180’ mendian for each of three practised obsen ers The obsen ers 
vere dark adapted for 45 irunutes before the beg innin g of each erpemnent. 
Starting at an mtensit>- iveU beloiv the threshold stunulus the mtensiti of the 
retmal Lght image vas mcreased b\ small steps until the obsen er first reported 
the appearance of the hght flash The lamp color temperaturewaskqit at 2050’ K. 

Ten measurements were taken at each retmal position dunng a smgle sittmg 
Fii e of the measurements at each position were made by beg innin g at the extreme 
temporal position on the retina and then proceedmg mwards to and through the 
fovea The retnammg sets of measurements were secured m the re\ erse order, — 
bj startmg at the nasal aspect and contmumg through the foiea until the last 
position m the penpheri' of the temporal aspect of the retma had been reached 
The cur\ es secured b} these different procedures are essentially identical m form 
for anj' giien obsen-er, and for the present purpose onli* the aierages at each 
position (-Y = 10) for each mdimdual observer are required Table 1) 

RESULTS 

The results are given graphically in Fig 4 This figure shows the 
general form of the fimction relatmg threshold stimulus mtensit}’ 
(= Ale, in photons) to the angular distance of the retinal test image 
from the fovea For each observer, the curv'e falls as the distance 
from the center of the fovea is made greater None of these cun es 
15 exactly svinmetncal with respect to the fovea, each function pos- 
sesses its own mdivndual charactensfacs, — and a more thorough stud\ 
(eg a study utihamg a closer spacing of positions on the retina) wih 
probably reveal small but biologically real departures from the smooth 
cun-es drawn The data basic to these cun'es, however, are mceh 
reproduable for each obsen'er, and are entirely suffiaent for our 
present purposes (The magmtude of the absolute threshold in- 
tensity' also dechnes in this charactenstic manner for most wa^e- 
lengths *^) For the positions on the mendian tested, our results 
demonstrate that the threshold intensity is a declming function of 
the retmal distance from the fovea, — a function which definitely tends 
to approach a minimal value in the penphery ” This fact has general 
imphcations for any theory of vision It is of particular importance 

” Crozier, W J , and Holwaj , A H , m preparation 
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for the theory which attempts to account for such measurements 
simply in terms of retinal rod exatation ** 

TABLE I 

"Data for woMOctdar threshold stimuli, AI , m units of retinal lUummation 
(photons) as a function of the angular distance of the test image from the fovea 
Size of square test image * 0 08 on a side Duration of flash « 0 20 second 
Each entry is an average of ten measurements aui is the root mean square 
deviation of a smgle observation Measurements on the Itjt eye of A C S H , and 


\V J C , nght eye of A H H 
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Cf the conditions in von Knes* experiments (footnote 11) the exposure 
time seems not to have been controlled here, and any correction would be of 
doubtful value At any rate a consideration of the conditions involved in \ on 
Knes experiments shows clearly that at least a cosme correction needs to be 
applied to the data 
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To e\aluate this latter vre ma.y turn to a recent histological 
examination of the human e3*e (0sterberg, 1935) ” This studj^ gives 
the topograph}^ of the la}*er of rods and cones for practically the entire 
human retina Thorough counts vrere made on vtxy carefulty pre- 
pared sections of the perfectl} normal retina of a 16 year old male, 
the mean error for counts of rods and cones was about 1 per cent 



Dietance from fovea 


Fig 4 Absolute mean threshold stimulus mtensity (log A/o, m photons) as a 
function of angular distance from the fovea, for each of three observers Size of 
square test unage = 0 08° on a side Duration of flash = 0 20 second Each 
plotted point is an ai erage of ten measurements The ordinate scale is correct 
for the A H H cun'e, the measurements (Table I) for W J C have been in- 
creased b} 0 3 log unit, for A C S H b> 0 6 log unit 

(or less) The count along the 0 -180° mendian is especially com- 
plete, and Fig 5 is a plot based on 0sterberg’s counts along this mend- 
ian, extending from the quartered papilla to the ora serrata in the 
temporal aspect The number of pnmar)’- neurons per mm- (= 
dcnsiiy) is plotted as a function of the hnear distance from the fovea 


Osterberg, G , 1935, icia Ophthal , 13, suppl Xl, 1 
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The figure shows dearly that the number ol cones per mm decreases 
continuously as one proceeds penpherally from the fovea The 
number of rods per mm , on the other hand, at first increases, passes 
through a maximum, and finally dechnes, as one proceeds from the 
fovea toward the periphery along the horizontal mendian The 
total number of pnmary neurons (rods plus cones) per mm * at any 
point along the same mendian, computed from 0stcrberg’s tables, is 
shown by the broken line This curve necessanly decreases at first, 



Fig 5 Plot of 0sterbergV® counts of visual cells along the 0-180“ mendian 
of the human eye 


passes through a mimmum, then increases, passes through a maxi 
mum, and finally dedines 

If the behavior of AI were attnbutable exdusively to the rods, then 
under the assumptions ordinanly invoked to account for such results, 
the curves shown in Tig 4 should exhibit an appreciable minimum at 
or near a visual angle equal to 16°, and on cither side of this point the 
curve must nse To compare Figs 4 and S, assume 1° = co 0 29 
mm Our results manifest no such minimum Neither do the 
older results of von Knes « As a matter of fact, the curves shown 
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in Fig 4 tend to decline continuously even beyond a visual angle 
of 30° (32° being the limit set for our measurements), or to remain 
at a sensibly constant level Unless we wish to introduce addi- 
tional ''supporting’^ assumptions (eg an assumption to the effect 
that the rods increase in sensitivity beyond 16°), then we are forced 
by the data to reject the notion that the rods alone are respon- 
sible for the magnitude of the absolute threshold stimulus for these 
and sumlar conditions of scotopic vision This type of argument, 
of course, leads immediately to a rejection of the cones per sc, and 
also to the rejection of any notion like that which would simply 
correlate the magnitude of the visual threshold stimulus with the 
number of exated, pnmaiy retinal elements (rods phis cones) ” 

The rods and cones, however, are not the only nerve cells in the 
human retina, and we may turn to a consideration of the secondaty 
(collector) neurons Although no exact counts have been made as 
regards the number of these "ganglion” cells per unit area, it is known 
that the density of these cells tends to decrease as a function of dis- 
tance from the fovea So also does the density of optic nerve cells 
associated with the ganghon fibers The ratio of the pnmary nerve 
elements (rods plus cones) to the number of optic nerve fibers tends in 
general to increase as one proceeds radially from the fovea toward the 
penpher}' of the human eye If we assume that the intnnsic ex- 
atabihties of the nerve fibers concerned are (nearly enough) equally 
distnbuted, and if the physiological process cntical for the eventua- 
tion of the required effect is located in the central nervous system, we 
have a sufficient basis for expecting that in a general way the 
threshold stimulus intensity will decline as a function of distance from 
the fovea 

Moreover, if the occurrence of the threshold response depends upon 
the eventuation in the central nervous system of a particular cntical 
effect, then we certainly have reason to expect the threshold stimulus 
mtensity for two eyes to be less than that for the more sensitive eye 

von Kries, J , 1895, Z Psychol u Physiol Smnesorgane, 9, 81 , 1897, 15, 327 

Wald, G , 1938, / Gen Physiol , 21, 269 

PoIjak,S (personal communication) About one-half of these cells he vithin 
a radius of 6° from the human fovea 

” Rochon-Dauvignaud, A , 1907, Arch anal micr , 9, 315 
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And this, of course, is 'what was found long ago by Piper ’ to be a fact 
during the course of dark adaptation More recently b the binocular 
AT has been shown to be related to the average of the for the left 
and nght eyes singly by the factor 114 This fact at once suggests 
Piper’s law, though the latter result was obtained for a large (=12 5°) 
retinal image We therefore find it of theoretical interest to test the 
imphcations of this result for a small image on different positions of 
the retinae 

For this purpose, hght images were placed on corresponding pomts 
of the two retinae by means of the matched pnsm binoculars attached 
to the discnminometer head, and the experiment was earned out es 
sentially as before The barrels of the oculars were carefully adjusted 
until an image of 5 (c/ Fig 1) was sharply defined on each retma 
In secunng data homogeneous m respect of the form of the function 
rdatmg the magnitude of the binocular threshold stimulus to the 
mean angular distance from the foveae, results were secured from two 
dark adapted observers Five measurements were taken at each 
position, beginnmg at an angular distance of 15° on the temporal 
aspect of the nght eye and proceeding by fixed angular steps until a 
position equal to an angular distance of 15° on the temporal aspect of 
the left eye had been reached The experiment was then repeated 
and five measurements were secured at each pair of retinal positions 
in the reverse order In this way, ten measurements were obtained 
at every position for each mode of presentation (Table II) 

Fig 6 shows the magnitude of the binocular threshold stimulus 
(AT , in photons) as a function of the angular distance (in degrees) 
from the foveae along the equatonal mendian Each observer was 
dark adapted 45 mmutes before the measurements were taken The 
measurements for each subject were secured at a smgle sitting, and 
the data are homogeneous m respect of the/omi of the function 

In general, the threshold is seen to decrease as the angular distance 
from the foveae is made to increase Theoretically there need be but 
one exception to this rule, at about 12° on either side of the foveae 
(the region of the papilla, or “bhnd spot”), the threshold function 

Piper, H , 1903, 2 Psychol u Physiol Sinnesorgane 31,161 

“ Lythgoe R. J , and Tansley L R , 1938 J Physiol 91, 427 Cf also 
Graham, C H. 1930 J Gen Psychol 3, 494 
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should manifest a slight (but significant) secondary maxunum The 
portion of the curve lying between these hmits, however, is quite 
symmetrical This fact by itself is clearly consistent with the idea 
that the physiological effect critical for the eventuation of the thresh- 
old response is central in locus, since the monocular curves (Fig 4) 
are not so symmetrical 


TABLE n 

Data from each of two observers for binocular threshold stimulus, A7«, m 
units of retinal lUummation (photons), as a function of the mean angular distance 
(degrees) of the test images from the foveae Angular size of each square test 
image = 0 08° on a side Duration of flash = 0 20 second Each entry is the 
average of ten measurements, cta/o is the root-mean-square deviation of a single 
observation These data are homogeneous in respect of the /om of the function 
relating A7o and retinal position along the 0—180° meridian 


Angular distance 
from fovea 
along 0-180° 
meridian 

Observers 


A C 

S H 

1 A H H 

dtt 





log 

loS VAfo 

log All, 

log 

IS 


2 021 

i 053 

3 994 

11 



i 037 

3 912 

9 


2 162 

1 


4 S 


2 791 

i 461 

2 224 

2 

0 108 

i 033 

i 988 

2 789 

0 

0 714 

i 614 

0 912 

i 920 

2 

0 020 

i 125 

i 821 

2 903 

3 

i 774 

2 862 

1 


4 

i 599 

2 482 

i 467 

2 293 

6 

i 352 

2 406 

i 273 

2 315 

9 

i 127 

2 016 

i 079 

3 899 

12 

1 091 

3 971 

i 061 

2 000 


To detenmne quantitatively the relationship between monocular 
and binocular threshold stimuli, the procedure needs to be slightly 
altered If the data are to be homogeneous, then the monocular and 
binocular measurements must be obtained under essentially identical 
physiological conditions To approximate this ideal as nearly as 
possible, we used Piper’s technique^® of staggenng the monocular and 
binocular measurements at each set of retinal positions As before. 
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the oculars were adjusted so as to reduce to a nmumum the accom 
modation differences existing between the left and nght eyes of the 
observer Failure to provide for this adjustment can completely 
mvalidate results for binocular thresholds (Under commonplace 
conditions^ an individual tends to use his more sensitive eye ) The 
observers were (again) dark adapted for 45 minutes The process of 
dark adaptation is, of course, not complete at the dose of this tune 



Fio 6 Magnitude of binocular threshold stimulus Qog A7 in photons) as a 
function of mean angular distance from the foveac for each of tT^o observers 
Size of square lest image of each retina — 0 08 on a side Duration of flash " 
0 20 second Each plotted point is an average of ten measurements The data 
basic to the curves v?ere obtained m su<di a manner as to make the functions 
homogeneous with respect to Jonn The ordinate scale applies for both curves 

interval, but its rate of change as a function of time in the dark is 
then slow enough to permit us convemently to obtain rehable and 
stnctly comparable results At any given position, a smgle binocular 
measurement was taken first, next a monocular measurement was 
taken for one eye, and then one was secured for the other eye This 
practice was contmued systematically until finally a total of thirty 
measurements had been secured for each angular distance from the 
foveae 
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The results are presented graphically in Fig 7 and numerically in 
Table III The half-shaded arcles represent the monocular measure- 
ments those shaded on the left are for the left eye, those shaded on 
the right, for the right eye These data are not homogeneous m re- 
spect of form, but the cur\*es are essentially smular to those shown m 



Deanees 20 10 0 10 20 

Angular distance 

Fig 7 Homogeneous data for two obsen^ers shoTvmg that the magnitude of the 
bmocular threshold stimulus is less than the magnitude of the monocular threshold 
stimulus for the more sensitii e ej e Each pomt is based on ten measurements 
Smee two e\ es gii e greater sensitint5 than either eye per sc, the process respon- 
sible for the threshold response ma> defimteb' be localized m the central 
ner\-ous system See text 

Fig 6 Table III shows the net result for all of the measurements as 
well as the measurements secured at each distance from the fovea 
The bmocular threshold is defimtely lower than for the more sensitive 
e3e, in each case For each observer, the ratio of the bmocular 
AIo to the average of the monocular A7o is, more frequently than not, 
and mdependently of retmal position, statistically equal to 1 1 4 
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The ratio is thus nearly enough equal to 1/V^ (c/ Piper’s law), and 
hence appears to be independent of area These results are 

fully coherent with a pnort expectation based on the assumption 
that the visual threshold finds its effective representation in central 
nervous processes This situation may be a general one, since it 
applies for auditory exatation^ as well, and for kinesthesis,^* for 


TABLE m 


Data homogeneous for quantitative comparison between magnitudes of bmoc 
ular and monocular threshold stirauh Angular size of each square test image « 
0 08® on a side Duration of flash 0 20 second Each entry is an average of 
ten measurements , att is the root mean square derivative of a smgle observation 
See text 
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audition, the ratio of the Al’s for exatation of a single penpheral 
sensory field to those for simultaneous symmetncal exatation of 
bilateral fields is not, however, equal to 1 4, but is greater (= ca 2 0), 

Cf Upton, M , and Holway, A H , 1937, Proc Nat Acad Sc , 23, 32 We 
have additional data for a further analysis of this matter, m preparation 

Holway, A H , Smith, J , and Zigler M J , 1937, J Exp Psychol 20, 371 
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— a fact which has considerable theoretical significance Piper’s 
rule^® for dark _adapted eyes states that A/<, should be inversely pro- 
portional to V" where A is the area of the test spot on a single retina 
It will be noticed that we have in the present data, for fovea and for 
periphery, a rather precise demonstration of this rule, — but for the 
case m which area is doubled by applying the same area to corres- 
ponding points of two retinae 

We are under obligation to Mrs Alice C S Holway for her patient 
collaboration as skillful observer in these expenments 

SUMMARY 

Monocular threshold stimulus mtensities (A/^, photons) were 
measured along the 0-180° mendian of human retinae for three 
observers The test image was small (= 0 08°) and of short duration 
(= 0 20 second) ATg was found to decrease as the angular distance 
from the fovea was increased Actual counts of the number of retinal 
elements per mm ^ along the 0-180° mendian (0sterberg“) were com- 
pared with the obtained results No direct correlation was found 
to exist between visual sensitivity and the number of retinal elements 

Bmocular threshold stimuli were also measured along the same 
m?ndian The form of the function relating binocular visual sensi- 
tivity and retinal position was discovered to be essentially similar to 
that for monocular sensitivity, but is more symmetncal about the 
center of the fovea The magmtude of the binocular measurement is 
in each case smaller than that of the monocular threshold stimulus 
intensity for the more sensitive eye The ratio is statistically equal 
to 1 4 (a fact which suggests Piper’s rule) 

These results are shown to be consistent with the hypothesis that 
the process critical for the eventuation of the threshold response is 
localized in the central nervous system They are not consistent with 
the view that the quantitative properties of visual data are directly 
determined by properties of the peripheral retina 

We have also found, however, that over the whole workable range of inten- 
sities binocular A7, as a function of /i, is less than monocular AI for either eye, 
but that for higher intensities the ratio is closer to 1 2 (Crozier and Holway, m 
preparation) 

26 Piper, H , 1903, Z Psychol u Physiol Sinnesorgane, 32, 98 
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INTRODUCTION 

Certain large protein molecules (viruses) possess the property of 
multiplying -within hving organisms This process, -which is at once 
so foreign to chemistry and so fundamental to biology, is exemplified 
in the multiphcabon of bacteriophage in the presence of susceptible 
bactena 

Bactenophage offers a number of advantages for the study of the 
multiphcation process not available -with -viruses which multiply at the 
expense of more complex hosts It can be stored mdefinitely in the 
absence of a host -without detenoration Its concentration can be 
determined -with fair accuracy by several methods, and even the 
indi-vidual particles can be counted by d’Heielle’s method It can be 
concentrated, purified, and generally handled like nudeoprotein, to 
which class of substances it apparently belongs (Schlesinger (1) and 
Northrop (2)) The host orgamsm is easy to culture and in some cases 
can be grown in purely synthetic media, thus the conditions of gro-wth 
of the host and of the phage can be controlled and vaned in a quanti 
tative and chemically well defined way 

Before the main problem, which is eluadation of the multiphcation 
process, can be studied, certain information regardmg the beha-vior of 
phage IS needed Above all, the “natural history” of bactenophage, 
t e its growth under a well defined set of cultural conditions, is as yet 
insuffiaently known, the only extensive quantitative work being that 
of Rrueger and Northrop (3) on an anti staphylococcus phage The 
present work is a studj of this problem, the growth of another phage 
(anU Escherichia coh phage) under a standardized set of culture 
conditions 

• Fellow of The Rockefeller Foundation 
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EXPERIMENTAL 

Bacteria Culture — Our host organism was a stram of Escherichia coli, which 
was kindly provided by Dr C C Lmdegren Difco nutrient broth (pH 6 6- 
6 8) and nutnent agar were selected as culture media These media w ere selected 
for the present work because of the complications which arise when synthetic 
media are used We thus avoided the difficulties ansmg from the need for 
accessory growth factors 

Isolation, Culture, and Storage of Phage — A. bacteriophage active against this 
stram of coli was isolated in the usual way from fresh sewage filtrates Its homo- 
geneity was assured by five successive single plaque isolations The properties of 
this phage remamed constant throughout the work The average plaque size on 
1 5 per cent agar medium was 0 5 to 1 0 mm 

Phage was prepared by addmg to 25 cc of broth, 0 1 cc of a 20 hour culture 
of bacteria, and 0 1 cc of a previous phage preparation After 3^ hours at 37° 
the culture had become clear, and contamed about 10® phage particles 

Such lysates even though stored m the ice box, decreased m phage concentra- 
tion to about 20 per cent of their initial value m 1 day, and to about 2 per cent 
m a week, after which they remained constant Part of this lost phage activity 
was found to be present in a small quantity of a precipitate -vvhich had sedimented 
dunng this storage penod 

Therefore, lysates were always filtered through Jena sintered glass filters (5 on 
3 grade) immediately after preparation The phage concentration of these fil- 
trates also decreased on storage, though more slovly, faffing to 20 per cent m a 
week However, I 100 dilutions in distilled water of the fresh filtered lysates 
retamed a constant assay value for several months, and these diluted preparations 
were used m the work reported here, except where othenvise specified 

This mactivation of our undiluted filtered phage suspensions on standmg is 
probably a result of a combination of phage and specific phage inhibiting sub- 
stances from the bacteria, as suggested by Burnett (4, 5) To test this hypothesis 
we prepared a polysacchande fraction from agar cultures of these bacteria, ac- 
cording to a method reported by Heidelberger et al (6) Aqueous solutions of 
this matenal, when mixed with phage suspensions, rapidly inactivated the phage 
M ethod of Assay — We have used a modification of the plaque countmg method 
of d’Herelle (7) throughout this work for the determination of phage concentra- 
tions Although the plaque countmg method has been reported unsatisfactory 
by vanous mvestigators, under our conditions it has proven to be entirely satis- 
factory 

Phage preparations suitably diluted m 18 hour broth cultures of bactena to 
give a- readily countable number of plaques (100 to 1000) were spread with a bent 
glagg capiHary over the surface of nutnent agar plates which had been dned by 
mvertmg on sterile filter paper overnight The plates were then incubated 6 to 
24 hours at 37°C at which tune the plaques were readily distinguishable The 
0 1 cc used for spreadmg was completely soaked into the agar thus prepared m 
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2 to 3 nunutes thus giving no opportumtj for the multiplication of phage in the 
hquid phase Each step of each dilution was done with fresh sterile glassware 
Tests of the amount of phage adhenng to the glass spreaders showed that this 
quantity is negligible 

The time of contact between phage and bacteria m the final dilution before 
plating has no measurable mfluence on the plaque count up to 5 minutes at 25 C 
E\en if phage alone is spread on the plate and allowed to soak m for 10 minutes 
before ‘seedmg the plate with bacteria only a small decrease m plaque count is 
apparent (about 20 per cent) This decrease we attribute to failure of some 
phage particles to come mto contact with bactena 

Under parallel conditions, the reproduabihty of an assay is limited by the 
samplmg enor, which m this case is equal to the square root of the number of 
plaques (10 per cent for counts of 100, 3 2 per cent for counts of 1000) To test 
the effect of phage concentration on the number of plaques obtained, successive 
dilutions of a phage preparation were all plated, and the number of plaques 
enumerated Over a 100-fold range of dilution the plaque count was in linear 
proportion to the phage concentration (See Fig 1 ) 

I)re> er and Campbell Renton (8) using a different anti coh phage and an anti 
staphylococcus phage and a different techmque found a complicated dependence 
of plaque count on dilution Such a finding is incompatible with the concept 
that phage particles behave as smgte particles 1 1 without interaction, with 
respect to plaque formation Our expenments showed no evidence of such a 
complicated behavior, and we asenbe it therefore to some econdary cause mherent 
m their procedure 

Bronfenbrenner and Korb (9) using a phage active against B dystnknac Shiga 
and a different plating technique found that when the agar concentration was 
changed from 1 per cent to 2 5 per cent, the number of plaques was reduced to 
1 per cent of its former value They ascribed this to a change m the water 
suppUed to the bacteria With the technique which wc have employed variation 
of the agar concentration from 0 75 per cent to 3 0 per cent, had little mfluence 
on the number of plaques produced though the size decreased noticeably with 
mcreasmg agar concentration (See Table I ) 

Changes m the concentration of bactena spread with the phage on the agar 
plates had no important influence on the number of plaques obtamed (See 
Table I ) The temperature at which plates were meubated had no significant 
effect on the number of plaques produced (See Table I ) 

In appraising the accurac> of this method several points must be home in 
mmd With our phage our expenments confirm m the mam the picture proposed 
by d’Herelle according to which a phage particle grows m the following way 
it becomes attached to a susceptible bactenum, multiphes upon or within it up 
to a critical tune, when the newly formed phage particles are dispersed into the 
solution 

In the plaque countmg method a smgle phage particle and an mfected bac 
tenum contaimng any number of phage particles will each give only one plaque 
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This method therefore, does not give the number of phage particles but the 
number of loci within the solution at which one or more phage particles exist 
These loci will hereafter be called “infective centers ” The linear relationship 
between phage concentration and plaque count (Fig 1) does not prove that the 
number of plaques is equal to the number of infective centers, but only that it is 
proportional to this number We shall call the fraction of infective centers which 
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Relative concentration of phage 


Fig 1 Proportionahty of the phage concentration to the plaque count 
Successive twofold dilutions of a phage preparation were plated in dupheate 
on nutrient agar, 0 1 cc on each plate The plaque counts from two such series 
of dilutions are plotted against the relative phage concentration, both on a loga- 
rithmic scale 

produces plaques the “efficiency of plating ” With the concentrations of phage 
and bacteria which we have used this coefficient is essentially the fraction of 
infected bacteria in the suspension spread on the plate, which goes through to lysis 
under our cultural conditions on the agar medium After plating, the phage 
particles released by this lysis infect the surrounding bacteria, increasing only the 
size, and not the number of plaques 
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TABLE I 

Independence of Plagtte Count oit Plating Method 


Agar concentration 


Plates t\ere prepared in which the agar strength varied and all spread with 0 1 cc. 
of the same dilution of a phage preparation There is no significant difference m the 
numbers of plaques obtamed 


Agar concentration, per cent ' 

0 75 

1 5 1 

3 0 

Plaque counts ■ 

3M 

373 1 

424 

1 

408 

430 1 

427 


376 ' 

443 1 

455 

1 

411 

465 1 

416 


373 

404 

469 

Average 

392 

423 

438 

Plaque size, mm 

2 

0 5 

0 2 


Concentration of plating coh 


A broth suspension of bacteria (10* bactena/cc ) was prepared from a 24 hour agar 
slant and used at vanous dilutions, as the plating suspension for a single phage dilution 
There are no significant differences in the plaque counts except at the highest dilution of 
the bacterial suspension where the count is about 15 per cent lower 


Coftceotretioa 

1 Fla(]v« couBt 

1 

1 920 

1/5 

961 

1/25 

1 854 

1/125 

1 773 


Temperature of plate incubation 


Twelve plates were spread with 0 1 cc of the same suspension of phage and bacteria 
divided into three groups and meubated at different temperatures There were no sig 
nificant differences m the plaque counts obtamed 


Temperature C 

37 1 

24 

10 

Plaque count 

352 1 

384 

405 


343 1 

405 

377 


386 1 

403 

400 


422 1 

479 

406 

Average 

376 i 

418 

397 
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The experimental determination of the efficiency of plating is described m a 
later section (see p 379) The coefficient varies from 0 3 to 0 5 This means 
that three to five out of ever}' ten infected bacteria produce plaques The fact 
that the efficiency of plating is relatively insensitive to variations m the tempera- 
ture of plate incubation, density of plating ceh, concentration of agar, etc indi- 
cates that a definite fraction of the infected bacteria in the broth cultures do not 
readily go through to lysis when transferred to agar plates For most experiments 
only the relative assay is significant, we have therefore, given the values derived 
directly from the plaque counts without taking into account the efficiency of 
plating, unless the contraiy is stated 

Growth Measinements 

The mam features of the growth of this phage in bioth cultures of 
the host are shown in Fig 2 After a small initial increase (discussed 
below) the number of infective centers (individual phage particles, 
plus infected bacteria) m the suspension remains constant for a time, 
then nses sharply to a new value, after which it again remains constant 
Later, a second sharp nse, not as clear-cut as the first, and finally a 
third rise occur At this time visible lysis of the bacterial suspension 
takes place A number of features of the growth process may be 
deduced from this and similar expenments, and this is the mam con- 
cern of the present paper 


The Imtial Rise 

When a concentration of phage suitable for plating was added to a 
suspension of bacteria, and plated at once, a reproduable plaque count 
was obtained If the suspension with added phage was allowed to 
stand 5 minutes at 37°C (or 20 minutes at 25°C ) the number of 
plaques obtained on plating the suspension was found to be 1 6 times 
higher This initial nse is not to be confused with the first “burst” 
which occurs later and increases the plaque count 70-fold After the 
mitial rise, the new value is readily duplicated and remains constant 
until the start of the first burst m the growth curve (30 minutes at 
37° and 60 minutes at 25°) 

This initial nse we attribute not to an increase m the number of 
infective centers, but to an increase m the probability of plaque forma- 
tion (t e an increase m the efliaency of plating) by infected bactena 
m a progressed state, that is, bacteria m which the phage particle has 
commenced to multiply That this nse results from a change m the 
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effiaency of plating and not from a quick increase in the number of 
infective centers is evident from the following expenment Bactena 
were grown for 24 hours at 25‘‘C on agar slants, then suspended in 
broth Phage was added to this suspension and to a suspension of 
bactena grown in the usual way, and the concentration of infective 



Fig 2 Growth of phage in the presence of growing bactena at 37®C 
A diluted phage preparation was mixed with a suspension of bactena con 
taming 2 X 10* organisms per cc and diluted after 3 minutes 1 to 50 in broth 
At this tune about 70 per cent of the phage had become attached to bactena 
The total number of inlecUve centers was determmed at intervals on «iamp]e5 of 
this growth mixture Three such experunents done on different da> s, are plotted 
m this figure The same curve was easily reproducible with all phage prepara 
tions stored under proper conditions 

centers was determined on both The imtial value was 1 6 tunes 
higher in the agar grown bactena than in the control expenment, and 
rcmamed constant until actual growth occurred The initial nse was 
therefore absent in this case, dearly a result of an increase in the 
efficiency of plating A suffiaent number of experiments were per- 
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formed with bacteria grown on agar to indicate that in other respects 
their behavior is similar to that of the bacteria grown in broth The 
bacteria grown in this way on agar slants are in some way more sus- 
ceptible to lysis than the broth cultured bactena 

Ads orphan 

The first step in the growth of bactenophage is its attachment to 
susceptible bacteria The rate of this attachment can be readily 
measured by centnfuging the bacteria out of a suspension containing 
phage, at vanous times, and determining the amount of phage which 
remains unattached in the supernatant (c/ Krueger (10)) * 

According to the picture of phage growth outlined above, phage 
cmnot multiply except when attached to bactena, therefore, the rate 
of attachment may, under certain conditions, limit the rate of growth 
We wished to determine the rate of this adsorption so that it could be 
taken into account m the interpretation of growth experiments, or 
eliminated if possible, as a factor influencing the growth rate Our 
growth curves show that there is no increase in the number of infective 
centers up to a cntical time, we could therefore, make measurements 
of the adsorption on living bacteria suspended in broth, so long as the 
time allowed for attachment was less than the time to the start of the 
first burst in the growth curve The adsorption proved to be so rapid 
that this time interval was ample to obtain adsorption of all but a few 
per cent of the free phage if the bactena concentration was above 
3 X 10^ The number of bactena remained constant, the lag phase 
in their growth was longer than the experimental penod 
The rate of attachment was found to be first order with respect to 
the concentration of free phage (P/) and first order with respect to the 
concentration of bacteria (P) over a wide range of concentrations, in 
agreement with the results reported by Krueger (10) That is, the 
concentration of free phage followed the equation 

- ~ = kaiP/XB) 

very careful study of the adsorption of a coh-phage has also been made 
by Schlesinger (Schlesmger, M , Z Byg u Infekhonskmnkh , 1932, 114, 136, 
149) ^Our results, which are less accurate and complete, agree qualitatively 
and quantitatively with the results of his detailed studies 
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m-whichfe.ivasioundtobel 2 X 10"’ an •/nun at 15° and 1 9 X 10-* 
an ‘/nun at 2S°C These rate constants are about five tunes greater 
than those reported by Krueger (10) With our ordinary 18 hour 
bactena cultures (containing 2 X 10* B coh/cc) we thus obtain 70 
per cent attachment of phage in 3 mmutes and 98 per cent in 10 
minutes The adsorption follows the equation accurately until more 
than 90 per cent attachment has been accomphshed, and then slows 
down somewhat, indicating either that not all the phage particles 
have the same afluiity for the bactena, or that equihbnum is being 
approached Other experiments not recorded here suggest that, if an 
equihbnum exists, it hes too far m favor of adsorption to be readily 
detected This equation expresses the rate of adsorption even when a 
tenfold excess of phage over bactena is present, indicating that a 
smgle bactenum can accommodate a large number of phage particles 
on Its surface, as found by several previous workers (5, 10) 

Krueger (10) found a true equihbnum between free and adsorbed 
phage The absence of a detectable desorption in our case may result 
from the fixation of adsoibed phage by growth processes, smce our 
conditions pemutted growth, whereas Krueger’s experiments were 
conducted at a temperature at which the phage could not grow 

Growth of Phage 

Following adsorption of the phage particle on a susceptible bac- 
tenum, multiplication occurs, though this is not apparent as an m 
aease m the number of plaques until the bactenum releases the 
resulting colony of phage particles into the solution Because the 
adsorption under proper conditions is so rapid and complete (as shown 
above) experiments could be devised m which only the influence of the 
processes following adsorption could be observed 

The detads of these experiments were as follows 0 1 cc of a phage 
suspension of appropnate concentration was added to 0 9 cc of an 18 
hour broth bactenal culture, contaimng about 2 X 10* B coh / cc 
After standmg for a few nunutes, 70 to 90 per cent of the phage was 
attached to the bactena At this time, the mixture was diluted 50 
fold in broth (previously adjusted to the reqmred temperature) and 
incubated Samples were removed at regular intervals, and the 
concentration of infective centers determined 
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The results of three expenments at 37°C are plotted in Fig 2, and 
confirm the suggestion of d’Herelle that phage multiplies under a 
spatial constraint, t e within or upon the bacterium, and is suddenly 
liberated in a burst It is seen that after the initial rise (discussed 
above) the count of infective centers remains constant up to 30 
minutes, and then nses about 70-fold above the initial value The 
rise corresponds to the liberation of the phage particles which have 
multiplied in the initial constant period This interpretation was 
verified by measurements of the free phage by centrifuging out the 
infected bacteria, and determining the number of phage particles m 
the supernatant liquid The free phage concentration after adsorp- 
tion was, of course, small compared to the total and remained constant 
up to the time of the first nse It then rose steeply and became sub- 
stantially equal to the total phage 

The number of bacteria lysed in this first burst is too small a fraction 
of the total bacteria used in these expenments to be measured as a 
change in turbidity, the ratio of uninfected bactena to the total 
possible number of infected bactena before the first burst is 400 to 1, 
the largest number of bacteria which can disappear m the first burst is 
therefore only 0 25 per cent of the total 

The phage particles liberated in the first burst are free to infect 
more bacteria These phage particles then multiply within or on the 
newly infected bactena, nevertheless, as before, the concentration of 
infective centers remains constant until these bactena are lysed and 
release the phage which they contain into the medium This gives 
the second burst which begins at about 70 minutes from the start of 
the experiment Smce the uninfected bactena have been growing 
during this time, the bacteria lysed in the second burst amount to less 
than 5 per cent of the total bactena present at this time There is 
again therefore, no visible lysis 

This process is repeated, leading to a third rise of smaller magmtude 
starting at 120 minutes At this time, inspection of the culture, which 
has until now been growing more turbid with the growth of the umn- 
fected bacteria, shows a rapid lysis The number of phage particles 
available at tlie end of the second rise was suffiaent to infect the re- 
mainder of the bacteria 

These results are typical of a large number of such expenments, at 
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37°, all of which gave the 70 fold burst size, » c an average of 70 phage 
particles per infected bacterium, occurring quite accurately at the tune 
shown, 30 minutes Indeed, one of the most striking features of these 
experiments was the constancy of the time interval from adsorption 
to the start of the first burst The magmtude of the nse (70 fold) 
was likewise readily reproduable by all phage preparations which 
had been stored under proper conditions to prevent detenoration (see 
above) 

MuUtple Infection 

The adsorption measurements showed that a single bacterium can 
adsorb many phage particles The subsequent growth of phage in 
these “multiple infected” bacteria imght conceivably lead to (o) an 
increase m burst size, (6) a burst at an earher tune, or (c) the same 
burst size at the same time, as if only one of the adsorbed particles 
had been effective, and the others inactivated In the presence of 
very great excesses of phage, Krueger and Northrop (3) and Northrop 
(2) report that visible lysis of the bacteria occurs in a very short time 
It was possible therefore, that in our case, the latent period could be 
shortened by mulbple infection To determine this point, we have 
made several experiments of which the foUowmg is an example 0 8 
cc of a freshly prepared phage suspension containing 4 X 10' particles 
per ccL (assay corrected for efficiency of platmg) was added to 0 2 cc 
of bactenal suspension contaimng 4 X 10’ bacteria per cc The ratio 
of phage to bacteria in this mixture was 4 to 1 5 nunutes were 

allowed for adsorption, and then the mixture was diluted 1 to 12,500 
m broth, incubated at 25°, and the growth of the phage followed by 
platmg at 20 imnute mtervals, with a control growth curve in which 
the phage to bactena ratio was 1 to 10 No significant difference was 
found either m the latent period or in the size of the burst The 
bactena which had adsorbed several phage particles behaved as if 
onlv one of these particles was effective 

Effect of Temperature on Latent Period and Burst Size 
A change in temperature might change either the latent penod, » c 
the time of the burst, or change the size of the burst, or both In 
order to obtain more accurate estimates of the burst size it is desirable 
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to minunize reinfection during the period of observation This is 
obtained by diluting the phage-bacteria mixture (after initial contact 
to secure adsorption) to such an extent that the rate of adsorption 
then becomes extremely small In this way, a single “cycle” of growth, 
(infection, growth, burst) was obtained as the following example 



Fig 3 One-stcp growth curves 

A suitable dilution of phage was mixed with a suspension of bactena con- 
taming 2 X 10® organisms per cc and allowed to stand at the indicated tempera- 
ture for 10 minutes to obtain more than 90 per cent adsorption of the phage 
This mixture was then diluted 1 10^ in broth, and incubated It was again diluted 
1 10 at the start of the first rise to further decrease the rate of adsorption of the 
phage set free in the first step The time scales are m the ratio 1 2 6 for the 
temperatures 37, 25, and 16 6°C Log P/Po is plotted, Po bemg the initial con- 
centration of infective centers and P the concentration at time t The broken 
hne mdicates the growth curve of the bacteria under the correspondmg conditions 
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shows 0 1 cc of phage of appropnate and known concentration was 
added to 0 9 cc of an 18 hour culture and allowed to stand m this con- 
centrated bactenal suspension for 10 minutes at the temperature of 
the experiment This mixture was then diluted 1 10* in broth and 
mcubated at the temperature chosen Samples of this diluted mix- 
ture were withdrawn at regular intervals and assayed The results 
of three such experiments ate plotted in Fig 3 The rise corresponds 
to the average number of phage produced per burst, and its value can 
be appraised better in these experiments than in the complete growth 
curve previously given (Fig 2) where there is probably some over- 
lappmg of the steps In these expenments the nse is seen to be 
practically identical at the three temperatures, and equals about sixty 
particles per infected bactenum, but the time at which the nse oc 
curred was 30 rmnutes at 37°, 60 mmutes at 25°, and 180 minutes at 
16 6° This shows that the effect of temperature is solely on the 
latent penod 

We have also made separate measurements of the rate of bactenal 
growth under the conditions of these expenments They show that 
the average division penod of the bactena in their loganthmic growth 
phase vanes m the same way with temperature, as the length of the 
latent penod of phage growth The figures are 


Temptntare 

Division period ot B 

Latent period ot P growth 

C 1 

m{n ' 

tnin 

16 6 

About 120 

180 

25 

42 ' 

60 

37 

21 

30 


There is a constant ratio (3/2) between the latent penod of phage 
growth and the division penod of the bactena This coincidence 
suggests a connection between the time required for division of a 
bactenum under optimum growth conditions, and the time from its 
infection by phage to its lysis 

Individual Phage Particle 

The growth curves descnbed above give averages only of large 
numbers of bursts They can, however, also be studied individually, 
as was first done by Burnett (11) 
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If from a mixture containing many particles very small samples are 
withdrawn, containing each on the average only about one or less 
particles, then the fraction pr of samples containing r particles is given 
by Poissons’ (12) formula. 


where n is the average number of particles in a sample and e is the 
Napierian loganthm base If the average number n is unknown, it 
can be evaluated from an experimental determination of any single 

TABLE II 

Dislribuhon of Individual Particles among Small Samples 


A suitably diluted phage preparation was added to S cc of 18 hour bactena 
culture and 0 1 cc samples of this mixture were plated The distribution of 
particles among the samples is that predicted by formula (1) 



Pr (experimental) 

Pr (calculated) 

0 plaques on 13 plates 

0 394 

0 441 

1 plaque " 14 " 

0 424 

0 363 

2 plaques “ S “ 

0 151 

0 148 

3 " “1 plate 

0 033 

0 040 

4 “ “ Opiates 

0 000 

0 008 

27 " " 33 " 

1 002 

1 000 


one of the pr, for instance from a determination of po, the fraction of 
samples containing no particles 

« = —In pi (2) 

Let us now consider the following expenment A small number of 
phage particles is added to a suspension containing bactena m high 
concentration Within a few minutes each phage particle has at- 
tached itself to a bacterium The mixture is then diluted with a large 
volume of broth, in order to have the bacteria in low concentration so 
that after the first burst a long time elapses before reinfection, as in 
the one step growth curves Samples (0 05 cc ) are removed from 
this mixture to separate small vials and incubated at the desired 
temperature If these samples are plated separately (after adding a 
drop of bacterial suspension to each vial) before the occurrence of 
bursts, the fraction of the plates containing 0, 1, 2, etc plaques is found 
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to conform to formula (1) (see Table 11) In this expenment we 
could also have inferred the average number of particles per sample, 
using formula (2), from the fraction of the plates showing no plaques 
(givmg 0 93 per sample) instead of from the total number of plaques 
(27 /33 = 0 82 per sample) 

Expcnmcnlal Measure of Efflaency of Plating 

If the samples ate incubated until the bursts have occurred, and 
then plated, the samples which had no particles will still show no 
plaques, those with one or more particles will show a large number, 
depending on the size of the burst, and on the efficiency of plating In 
any case, if we wait until all bursts have occurred, only those samples 
which really contained no particle will show no plaques, quite mde 
pendent of any inefhaencj of plating From this fraction of plates 
showing no plaques we can therefore evaluate the true number of 
particles onginally present m the solution, and by companson with 
the regular assay evaluate the effiaency of plating In this waj we 
have detenmned our effiaency of plating to be about 0 4 For 
instance, one such expenment gave no plaques on 23 out of 40 plates, 
and many plaques on each of the remaining plates This gives 
23 

f 0 = — or 0 57 from which n = 0 56 particles per sample A parallel 

assay of the stock phage used indicated 0 22 particles per sample, 

0 22 

the plating effiaency was therefore = 0 39 This plating effi 

aency remains fairly constant under our standard conditions for 
assay The increase in probability of plaque formation which we 
suppose to take place following the infection of a bactenum by the 
phage particle, t e the mitial nse, bnngs the plating efficiency up to 
0 65 

The Burst Size 

Single particle experiments such as that described above, revealed a 
great fluctuation in the magnitude of individual bursts, far larger than 
one would expect from the differences in size of the individual bactena 
in a culture, indeed, they vary from a few particles to two hundred 
or more Data from one such expenment are given in Table III 
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We at first suspected that the fluctuation in burst size was con- 
nected with the time of the burst, m that early bursts were small and 
late bursts big, and the fluctuation was due to the experunental 
superposition of these However, measurement of a large number of 
bursts, plated at a time when only a small fraction of the bursts had 
occurred, showed the same large fluctuation We then suspected that 
the particles of a burst were not hberated simultaneously, but over an 
interval of time In this case one might expect a greater homogeneity 


TABLE m 

Fluclnalton tn Individual Burst Size 

97 9 per cent of phage attached to bactena in presence of excess bacteria (10 
minutes), this mixture diluted, and samples incubated 200 minutes, then entire 
sample plated with added bacteria 


25 plates show 0 plaques 
1 plate shows 1 plaque 
14 plates show bursts 

Average burst size, taking account of probable doubles = 48 


Total 


Bursts 


130 

58 

26 

123 

83 

9 

31 

5 

53 

48 

72 

45 

190 

9 


882 plaques 


m burst size, if measurements were made at a late time when they are 
at their maximum value This view also was found by experiment 
to be false 

The cause of the great fluctuation m burst size is therefore still 
obscure 

DISCUSSION 

The results presented above show that the growth of this strain of 
phage IS not uniform, but in bursts These bursts though of constant 
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average size, under our conditions, vary widely in individual size A 
burst occurs after a definite latent penod following the adsorption of 
the phage on susceptible bacteria, and visible lysis coinades only 
with the last step wise nse in the growth curve when the phage parti- 
cles outnumber the bacteria present It seemed reasonable to us to 
assume that the burst is identical with the lysis of the mdividual 
bacterium 

Krueger and Northrop (3), in their careful quantitative studies 
of an anti staphylococcus phage came to an interpretation of their 
results which differs in some important respects from the above 

1 Their growth curves were smooth and ga\ e no indication of steps, 
they concluded therefore that the production of phage is a contmuous 
process 

2 In their case, the free phage dunng the logarithmic phase of a 
growth curve was an almost constant small fraction of the total phage 
This led them to the view that there is an cquihbnum between intra 
cellular and extracellular phage With an improved technique, 
Krueger (10) found that the fraction of free phage decreased in propor- 
tion to the growth of the bacteria, in conformity with the assumption 
of an equilibrium between two phases 

3 Krueger and Northrop (3) found that visible lysis occurred when 
a cntical ratio of total phage to bactena had been attamed, and they 
assumed that there was no lysis m the earlier period of phage growth 

To appreaate the nature of these differences it must be bom m 
imnd that their method of assay was essentially different from ours 
They used, as a measure of the “activity” of the sample of phage 
assayed, the time required for it to lyse a test suspension of bactena 
under standard conditions This time interval, according to the 
picture of the growth process given here, is the composite effect of a 
number of factors the average time required for adsorption of free 
phage. Its rate of growth in the infected bactena, the time and size of 
burst, and the average time required for repetition of this process 
until the number of phage particles exceeds the number of bactena 
and infects substantially all of them Then, after a time mterval 
equal to the latent penod, lysis occurs 

This lysis assay method tends to measure the total number of 
phage particles rather than the number of infective centers as the 
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following considerations show Let us take a sample of a growth 
mixture in which is suspended one infected bacterium containing 
fifty phage particles If this sample is plated, it can show but a 
single plaque However, if the sample is assayed by the lysis method, 
this single infective center soon sets free its fifty particles (or more, if 
multiplication is still proceeding) and the time required to attain 
lysis will approximate that for fifty free particles rather than that for a 
single particle 

Since the burst does not lead to an increase in the number of phage 
particles, but only to their dispersion into the solution, the lysis method 
cannot give any steps in the concentration of the total phage in a growth 
curve On the other hand one might have expected a step-wise in- 
crease in the concentration of free phage However, the adsorption 
rate of the phage used by Krueger (10) is so slow that the infection 
of the bacteria is spread over a time longer than the presumed latent 
period, and therefore the bursts would be similarly spread in time, 
smoothing out any steps whicli might otherwise appear Moreover, 
their measurements were made at 30 minute intervals, which even 
in our case would have been insufiiaent to reveal the steps 

The ratio between intracellular and extracellular phage would be 
determined, according to this picture of phage growth, by the ratio of 
the average time of adsorption to the average latent period The 
average time of adsorption would decrease as the bactena increased, 
shifting the ratio of intracellular to extracellular phage in preasely 
the manner described by Krueger (10) 

As we have indicated in the descnption of our growth curves, lysis 
of bactena should become visible only at a late time Infection of a 
large fraction of the bacteria is possible only after the free phage has 
attained a value comparable to the number of bactena, and visible 
lysis should then set in after the lapse of a latent period At this time 
the total phage (by actnnty assay) will be already large compared to 
the number of bactena, in agreement with Krueger and Northrop’s 
findings 

It appears therefore that while Krueger and Northrop’s picture 
does not apply to our phage and bactena, their results do not exclude 
for their phage the picture which we have adopted It would be of 
fundamental importance if two phages behave in such a markedly 

different way 
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SUMMARY 

1 An anti Eschencha colt phage has been isolated and its behavior 
studied 

2 A plaque counting method for this phage is descnbed, and shown 
to give a number of plaques which is proportional to the phage concen- 
tration The number of plaques is shown to be independent of agar 
concentration, temperature of plate incubation, and concentration of 
the suspension of plating bactena 

3 The effiaency of plating, » e the probabihty of plaque formation 
by a phage particle, depends somewhat on the culture of bactena 
used for platmg, and averages around 0 4 

4 Methods are descnbed to a\oid the mactivation of phage by 
substances in the fresh lysates 

5 The growth of phage can be divided into three penods adsorp 
tion of the phage on the bactenum, growth upon or within the bac- 
tenum (latent penod) , and the release of the phage (burst) 

6 The rate of adsorption of phage was found to be proportional 
to the concentration of phage and to the concentration of bactena 
The rate constant ia is 1 2 X 10"’ cm ’/nun at 15°C and 1 9 X 10~’ 
cm ’/nun at 25° 

7 The average latent penod vanes with the temperature m the 
same way as the division penod of the bactena 

8 The latent penod before a burst of individual infected bactena 
vanes under constant conditions between a mmimal value and about 
twice this value 

9 The average latent penod and the average burst size are neither 
increased nor decreased by a fourfold infection of the bactena with 
phage 

10 The a\ erage burst size is independent of the temperature, and 
is about 60 phage particles per bactenum 

11 The individual bursts vary in size from a few particles to about 
200 The same vanability is found when the early bursts are mea 
sured separatelj , and when all the bursts are measured at a late time 

One of us (E L E ) wishes to acknowledge a grant m aid from Mrs 
Seeley W Mudd Acknowledgment is also made of the assistance 
of Mr Dean Nichols durmg the prelimmary phases of the work 
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THE ANTAGONISM BETWEEN SODIUM AND MAGNESIUM 
IONS IN THEIR ACTION UPON OXALATE ION 
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New York) 
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In 1928 Simms (1928 a and b) desenbed some experiments upon the 
anomalous effect of MgClj upon the dissociation constants of some 
organic aads Subsequently (1928 c), he reported the results of the 
addition of sodium and potassium salts upon mixtures containing 
MgCl: and oxalate buffers He believed that his results showed an 
antagonism between Na (or R) ion and Mg ion similar to the well 
known physiological antagonism between Na and Ca ions 
It has since been shown (Cannan and Kibnck (1938), Davies (1938), 
Greenwald (1938 o), Kilde (1936), MacDougall and Larson (1937), 
Money and Davies (1932)) that the salts of many organic acids with 
calcium and other divalent metals are only partially dissoaated in 
solution Examination of Simms’ data for the action of MgCI upon 
sodium oxalate, malonate, and aimnoacetate showed that the effect 
observed is quite readily exphcable in terms of the hypothesis of the 
formation of shghtly dissoaated complexes (Greenwald (1938 6)) 
It seemed that those results that appeared to show an antagonism 
of ions might be due merely to the effect of the added NaCl in m- 
creasing the ionic strength of the solution and thus increasing the 
dissoaation of the complex 

In this paper, we intend to discuss only the results with mixtures 
containmg oxalate, MgClj, and NaCl We are neglecting the results 
obtained with sulfate (Simms (1928 c)) because it is impossible to 
calculate the extent of formation of undissoaated MgSOi The 
experiments with RCl are sumlarly neglected because only low con 
centrations of oxalate and Mg were employed, with only small effects 
upon the pH, and, also, because the dissociation constants of oxalic 
aad were determined in NaCl solution and maj well be different in 
38S 



ANTAGONISM BETWEEN SODIUM AND MAGNESIUM IONS 


KCl solution (See Harned and Robinson (1928) and Harned and 
Owen (1930) for similar effects in the case of acetic and formic acids ) 
As was shown in a previous paper (Greenwald (1938 6)), the forma- 
tion of an undissociated complex must result in a decrease m the pH, 
so that to bring an oxalate buffer solution containing MgCh to the 
same pH as one of the same ionic strength, but containing no 
or other divalent cation, would require more base The following 
relation obtains 

B' ■= 6' (1 - MgOx) + 2MgOx (1) 

in which B' = corrected equivalents of base at given pH in presence 
of MgClj 

h* = corrected equivalents of base at given pH in absence 
of MgCh but same ionic strength 
AlgOx = equivalents of undissociated complex 
Therefore, 

B'-h' 

MgOx = (2) 

B’ vf&s taken from Simms’ data and b' was calculated from the equa- 
tion 

(H^-) 2K,K^ 

“ (H+)* -f- (H+) Ki + KiKi (H+)” -t- (H+) Ki + KiKt 

Ki and K 2 were taken, directly or by extrapolation, from the 
data given by Simms The ionic strengths were then recalculated, 
using the multiplier, 3 6, introduced by Simms (1928 a) for the oxalate 
ion If the formation of the complex had resulted in an appreaable 
change in ionic strength, the calculation was repeated, using the values 
given by Simms for Ki and K 2 at the new ionic strengths 

In solutions of low pH, as Cannan and Kibrick have shown, it is 
necessary to take into account the formation of MgOxH+ They 
calculated the value of the negative logarithm of the hydrogen_dis- 
sociation of this complex to be approximately 1 8, at ^ = 0 2 or V M = 

0 45 Since both the numerator and the denominator of the formula 

contain the concentration of a univalent cation, the 

(MgOxH+) 
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value of K is not Rely to be greatly affected by a change in ionic 
strength Assuming that pit is approximately I 8 even up to p = 10, 

we may wnte pH = pA" + log "" P-^ “ 

from -which the value of (MgOxH-*-), m terms of (MgOx), 

(MgOxH-*-) 

may readily be calculated 


TABLE I 

Values far K -> jfi Colojlaled from Strums' Table HI Oxalole 

(UfPx) 

Coticeiilraiton =» 0 01026 M 


Ms *- 0 00417 u 


pH 

; 1 

at 

31 

vT 

3 746 

1 3 S 

3 0 


0 154 

3 730 

4 1 

4 2 


0 194 

3 686 

3 9 

3 S 


0 222 

3 681 

5 8 

5 5 


0 2?6 

3 S87 

5 2 

4 7 


0 388 

3 534 ! 

8 1 



0 526 

3 433 1 

8 4 1 



0 726 

3 379 

11 8 



0 882 

3 323 

24 1 



1 OIS 


Ms 0 0167 u 


3 284 

3 248 

, 3 5 

1 11 8 

j 3 3 

I j 

■ i 

0 232 

0 748 

Ms « 0<0417 u 

2 972 ! 

43 I 

1 *0 \ 

1 3 6 

1 0 353 

2 947 ] 

13 5 1 

1 1 

1 12 0 

[ 1 06 

Ms -00$33u 

2 764 

5 1 

4 9 1 

3 9 

' 0 495 


10 8 

11 2 1 

9 6 

1 0 866 

2 776 

11 4 


8 9 

1 1 00 


* First approximation 
t After correcting for change m \/^ 

} After correcting for formation of MgOxH'*' 
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Substituting the value for (MgOxH+) thus found in the equation 

B' = b' MgOx - MgOxH+) + 2MgOx + MgOxH+ (3) 

we may calculate a revised value for MgOx This was done in all the 
selected cases in which the observed pH was below 3 0, that is, in 
those in which the amount of MgO\H+ was at least l/13th of that 
of MgOx 


Values for K 


TABLE n 


(,MgOx) 


10^ Calculated from Simms' Table V 


Concentration = 0 00513 M 


Oxalate 


Mg = 0 00167 M 


pH 

!• 

2t 

VT 

3 852 

1 5 

1 1 

0 105 

3 906 

3 7 

2 7 

0 120 

3 901 

4 1 

2 9 

0 131 

3 895 

4 1 


0 142 

3 883 

4 1 


0 ISO 

3 824 

3 3 


0 193 

3 808 

6 7 

1 

1 

0 250 

3 790 

6 6 

1 

0 296 

3 752 

6 7 


0 336 

Mg = 0 00333 u 


3 6 

1 9 

0 121 


6 7 


0 302 


Mg ° 0 00833 u 


3 485 

2 7 

2 3 

0 165 

3 531 

7 9 


0 359 


* As in Table I 
t As in Table I 


It seemed unnecessary to make the calculations for all of Simms’ 
data Those chosen from his Tables III and V include the lowest 
and the highest total ionic concentration for each concentration of 
MgCla and, m addition, all of the experiments with the smallest con- 
centrations of MgCb but with increasing amount of NaCl The 
values obtained are summanzed m the tables The first column gives 
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the pH for purpose of identification Succeeding columns gi\ e suc- 


cessive approximations to the value ot K = 


[MgOx] 


and 


the final column gives the revised value of Vm 
I t -will be seen that the value ot K increases quite regularly with 
increasing ionic strength and that this change occurs to the same ex 
tent in MgCli solution as m NaCl Ilfith the highest concentration 
of MgClj the addition of NaCl seems to have less effect upon the 
value of K than it does when less hIgCl is present Thus, at ji = 1 00 
the value of K is 24 1, when the total Jig is 4 18 milhmolar, 12 0 when 
it IS 41 7, and 8 9 when it is 83 3 However, it must not be for 
gotten that the calculation in the first instance is based upon a very 
small diSerence between B' and b', onlj 0 034 m eq 
In this instance, small changes in the v alue of the dissoaation con- 
stants of oxahc aad have a great effect upon the values of B'~b' and 
of K For instance, decreasing the negative loganthm of the first 
dissociation constant b> 0 02 and increasing that of the second b> 
0 02, would change B' V to 0 048 m eq and decrease ^ to 15 5 X 
10~’ A. similar change applied to the data obtained with the mixture 
contammg 83 3 m eq MgClt would change the value of the first ap 
proximation to K only slightly , from 11 4 X 10~* to 10 8 X 10^ ' 
Extrapolation of the figures given in the tables indicates that the 
value of the dissoaation constant for MgOx at p = 0 is, approxi 
mately, 8 X 10-< This is only shghtly greater than the value, 3 7 X 
10~‘, calculated bv Monev and Davies (1932) from conductivity data 


SUMMARY 

The action of NaCl upon the effect of JIgClj upon oxalate buffer 
systems, interpreted by Simms as an instance of antagonism of Na+ 
and Jlg^, has been shown to be capable of formulation as the effect 
of mcreasmg ionic strength upon the dissoaation of MgC O 4 into 
magnesium and oxalate 10 ns 

* Even m Simms tables the values reported for pfiTrCpA- ) of oialic aad at the 
same ionic strength occasionally differ bv mote than 001 For vh •= 0 265 the 
values entered m different tables ate 3 8S6 3 8S3 3 SaO 3 S77 
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In tBe letinas of maimnafs, frogs, and certain marine fisBes vitamin 
A participates with rhodopsm, a rose colored photosensitive pigment 

of the tods, in a cycle of the form rhodopsm retmene 

protem > vitamin A protein > rhodopsm (Wald, 1935-36, 

1936-37, 1937-38) 

In the rods of certain fresh water fishes rhodopsm is replaced by a 
purple photolabile pigment which I have suggested be called for- 
phyropsm This was first observed tn stin by Kiihne and Sewall 
(1880), and was examined spectrographically m solution by Kottgen 
and Abelsdorff (1896) Porphyropsm enters a retmal cycle which is 
identical in form with that of rhodopsm, but contams different caro 
tenoids m the positions of retmene and vitamin A The substance 
which replaces vitamm A m the fresh water fish retina reacts with 
antimony chloride to yield a deep blue color due to an absorption 
band at about 696 mp, accompamed by a broad subsidiary hump at 
about 640 mp (Wald, 1937) 

Almost simultaneously with the aimouncement of these observa 
tions, Lederer and Rosanova (1937) reported that substances yieldmg 

* This research has been supported in part by a grant from the Milton Fund 
of Harvard University 

I am deeply indebted to Mr J Arthur Kitson of the Division of Fishenes and 
Game Department of Conservation of the Commonwealth of Massachusetts for 
gifts of live pond and hatchenes fishes to Mr Wilham C Hemngton and Mr 
Milton J Lobellof the Division of Scientific Inquiry, U S Bureau of Fishenes for 
aid m procuring manne matenal and to Bioproducts Inc , Astona, Oregon, for a 
shipment of Columbia River salmon livers 

t Contnbution No 195 r 


391 



392 


DISTRIBUTION OF VITAMINS Ai AND A 2 


antimony clilonde bands at about 690 and 645 m// may predominate 
m the liver oils of certain Russian fresh-water fishes This observa- 
tion was rapidly confirmed and extended (Edisbury, Morton, Simp- 
kins, and Lovern, 1938, Gillam, Heilbron, Jones, and Lederer, 1938, 
Lederer and Rathmann, 1938) The substance responsible for the 
antimony clilonde band at 690-697 m/tz was found to possess a direct 
absorption band in ethanol at 345-350 mu It is apparently a homo- 
logue of vitamin A, possessing one added ethylenic group and the em- 
pirical formula C 22 H 31 OH (Gillam et al) A pike-perch liver oil— 
which I conclude from the ratio of extinctions at 693 and at 620 mju 
contained little or no vitamin A— possessed growth-promoting ac- 
tivity in rats about equal to that of a halibut liver oil of the same 
Lovibond blue value (Gillam el al ) 

Since m fresh-water fishes the 696 m,u chromogen replaces vitamin 
A in its most specific physiological function, the synthesis of visual 
purple, Edisbury ct al (1937) have suggested that it be called vi- 
tamin A 2 ^ The retmene analogue in these fishes may similarly be 
called retinenca The porphyropsm cycle may then be formulated 

Porphyropsm retmene* > vitamin A* > 

porphyropsm 

The substances heretofore called vitanun A and retmene are found 
exclusively in almost all vertebrates Ordinarily it should be un- 

^ In a later paper Edisbury el al (1938) refer to this substance as factor A 2 , 
apparently because “there is no evidence that its function as a vitamin extends 
beyond fishes ” More recently Gillam ct al (1938) and Lederer and Rathmann 
(1938) appear to base the vitamin designation for A 2 principally on the demonstra- 
tion of its growth-promoting activity in rats There is some confusion in this view- 
point The implication that the term vitamin is to be reserved to “higher” ani- 
mals IS equivocal, since it is already known that, for example, ascorbic acid is a 
vitamin in some mammals, like the guinea pig and man, and not in others, like the 
rat Furthermore there is as yet no evidence that in rats A* acts directly, and 
not simply as a pro-vitamin Ai, like a number of other carotenoids One may 
choose between two consistent alternatives to restnet the term vitamin to the 
human accessory factors, or to apply it to all dietary accessorj’^ factors, recognizing 
its limitation to those animals m which its activity has been demonstrated I 
believe the latter alternative to conform most closely with present usage In this 
sense the 696 mg chromogen is vitamin A 2 because it replaces vitamin Ai in the 
visual systems of certain fishes 
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ambiguous to contmue to refer to them -without subscripts as in the 
past Throughout the remainder of the present paper, however, the 
burden of -which is a continual comparison of these substances mth 
-vitamin Aj and retinenej, I shall for greater eicphatness refer to the 
former as -vitamm Ai and retinenei (c/ Lederer and Rathmann, 1938) 
Band maxima of the components of the rhodopsm and porphjropsm 
systems and of the antimony chlonde reactions -with their carotenoid 
members are hsted in Table I 

No other case is kno-wn m which a -vitamin appears to be restncted 
to a speafic group of vertebrates It is important therefore that the 
prease distribution of -vitarmns Ai and Aj among fishes and its sig- 

lABlE 1 


Absorption roaxnna of solutions of rhodopsm and porphyropsin m aqueous 
digitonin, of solutions of vitamins A and retinenes m chlorotonn, and of antimony 
cUonde teacUons with the latter substances m chloroform 


Sub&tuec 

AbtOTpUoQ gimmurQ 

Aaumosrcbloride 
Basin ua 




Rhodopsm 



Retmenci 


664 

Vitamin Ai 


615<«20 

PoTphyrop^ 


— 

Retmenej 


705 

Vitandn Aj 


696 


nificance be determined This is the purpose of the present exper- 
iments 

Plan of the Research 

Extracts have been examined from livers and from three eye 
tissues — the retina proper, the pigmented epithehum which is his- 
tologically and functionally closely bound with the neural retina, and 
the vascular choroid All of these tissues but the retina proper may 
contam concentrations of -vitarmns A and other carotenoids which 
seem to exceed greatly their immediate needs, and probably represent 
temporarily mert stored material 

This IS not in general true of the retina Almost all retinal -vitamin 
Ai or A IS physiologically active, partiapating directly in the -visual 
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a, des Practical!}' all of it is consumed in the synthesis of visual 
purples and reappears foUovnng their exposure to hght Retmal 
\ itamins A therefore possess a speaal significance, they are diagnostic 
of particular t\pes of visual purple sj'stem The retmal distnbution 
of Mtamins A ordmanly is paralleled preasely by distnbutions of the 
other components of the "vusual c)’’cles, the retmenes, and rhodopsm 
and porph}ropsin 

The observations v.hich follow are restncted to antimony chlonde 
reactions with the \ntamins A alone for purely technical reasons 
(1) the vntamins A are the onl> vnsual components co mm on to all the 
tissues examined, and (2) the direct spectra of mixtures of rhodopsm 
and porphv ropsin, of the retmenes, or of vntamms A, as shown m 
Table I, are separated by only about 20 m/i, m mixtures of these 
pigments the bands fuse to form single maxima m intermediate posi- 
tions Even the antimony chlonde bands of the retmenes, 41 m^t 
apart are imperfectly separated in mixtures Only the antimony 
chlonde maxima of the vitamins A, which are separated by 76 to 
81 mjji, remain distmct in mixtures of all proportions, and permit 
approximate estimation of their composition by simple inspection 

The fishes vihich hav'e been examined fall into four dasses 

A Sletiohahne fishes, restncted permanently to a narrow range of 
salinities 

1 Permanently fresh-viater fishes 

2 Permanent!} manne fishes 

B Emyhahnc fishes, capable of adult existence withm a wide range 
of salinities 

1 Fresh-water spawners {anadromous) 

2 ilanne spavmers {caladromous) 

This classification possesses certam unusual features It has been 
common practice to emphasize the vngratory habits of certam fishes, 
and the terms anadromous and catadromous literally indicate migra- 
tion from salt to fresh water or in the reverse direction However, it 
probabh is true that no fish must depart from its spaviming environ- 
ment to* complete a normal existence I^Iigration to or from the sea 
IS merely a potentiahty realized m var3ing degree by all euiy'halme 
fishes The fundamental charactenstic is the euiyhalmity of certam 
adult fishes, and the added fact that this is usually combined with a 
very high speafiaty of spawnmg environment 
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Methods 

The chemical procedures employed m these expenments have intentionally 
been kept extremely simple to avoid possible changes during preparation of 
tissues or extracts and to facilitate eventual extension of this survey to include 
many more ammals Unless otherwise noted, the expenments were performed 
m the following manner 

Retinas were dissected m the dark m Ringer s solution immediately after each 
mdividual fish had been beheaded They were freed from all apparent traces of 
pigmented epithelium and choroid and were then exposed to bnght light and left 
in moderate light at room temperatures for at least 1 hour to allow all retinenes 
formed on irradiation to be converted to vitamins A The tissues were centn 
fuged all excess fluid decanted, and were shaken vigorously by machme for about 
20 minutes with benzine (petroleum ether, boilmg range 30 to 60 C ) The ex 
traction mixture was centrifuged, and the clear benzme extract decanted and 
evaporated to dryness under reduced pressure The oily residue was dissolved 
in a small volume (usually 0 3 cc.) of dry chloroform. 

After the retinas had been prepared the choroids or combined choroids and 
pigmented epitheha were scooped out of the sderae mto Ringer s solution and 
were collected by centrifuging The> vere extracted by shaking with either 
chloroform or benzme The extract was centrifuged clear and brought over mto 
usually 0 3 cc of chloroform 

Minced liver tissue was partly deh) dialed b> nnsmg once with 95 per cent 
ethanol then was digested at about 70 C in 6 per cent potassium hydroxide m 
methanol Usually after about an hour the entire tissue had gone into solution 
The sapotuficatwn mixture ms diluted witb water m stages until an equal volume 
had been added and at each stage of dilution was extracted by shaking with ben 
zine The total benzme extract was washed repeatedly with water, and was 
distilled dry under reduced pressure The oily residue was taken up m chloroform 

When not bemg actively worked all preparations were stored m darkness on 
solid carbon dioxide 

Antimony tnchlonde reagent was prepared by saturalmg dry chloroform wnth 
fresh crystab at about 60 C and allowing the solution to cool slowly to room 
temperature Excess antimony chloride crystallizes on the sides of the container 
and keeps the slock solution constantly saturated at room temperatures 

Spectra were measured with the recordmg photoelectnc spectrophotometer of 
Hardy (1935) at the Color Measurements Laboratory of the Massachusetts Insti 
tute of Technology This instrument draws absorption spectra directly on graph 
paper either m terms of the fraction of incident light absorbed (I — /// ) or of the 
extinction or optical density, log / /I in which 1 is the incident and I the trans 
milled intensity Tig 8 is an onginal recording, all the other figures have been 
traced on traang cloth from similar records In a few mstances the onginab have 
previously been pubhshed (Wald 1936-37) 

The spectrophotometnc procedure was ngidly standardized 0 3 cc. of tissue 
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extract in chloroform was poured into a glass cell of 3 6 cc capacity and 10 mm 
dcptli This was placed in position in the spectrophotometer 3 2 cc of anti- 
mony chloride reagent were rapidly introduced by pipette, and recording of the 
spectrum began immediately The wavelength interval from 580 to 720 mti was 
negotiated in about 1 minute During this period the initial blue test color fades 
slightly, but the distortion of spectrum introduced in this way is very small 

Estimation of Vitamins Ai and At m Mixtures — Edisbury cl al and Gillam el al 
liave tacitly assumed that the antimony chloride bands of vitamins At and Aj 
do not overlap, and that their concentrations in mixtures are therefore repre- 
sented directly by the extinctions at about 620 and 693 m/i respectively Actu- 
ally the bands do overlap considerably, and this way of estimating concentrations 
IS consequently scnously misleading It 3'ields incorrect quantitative results, 
and implies the presence of both vitamins A in many oils w’hich really contain one 
of them alone I have used the following procedure for evaluating the proportions 
of vitamins Ai and A2 in mixtures * 

The antimony chloride bands of a number of vitamin Ai preparations which 
contained no A2, measured in the course of the present expenments, have possessed 
extinctions at 696 m/i 0 08 ± 0 03 of those at 618 mp Similarly, vitamin A2 
preparations which contained no Aj have yielded bands possessing extinctions at 
618 rap 0 39 ± 0 04 of those at 696 mp 

If the extinction due to vitamin Ai at 618 mp be x, then the extinction due to 
this vitamin at 696 mp is 0 OSx Similarly, if the extinction due to vitamin A2 at 
696 mp IS y, then that at 618 mp due to this vitamin is 0 39y 

Observed total extinction at 618 mjt = Xcis = » + 0 SPy"! 

Observed total extinction at 696 = Ire = y + 0 08xj 

This pair of simultaneous equations reduces to the convenient form 

2 56kti> — kcet 
* “ 248 > 

y = Atjs ~ 0 08* > 

The extinction at 618 mp due to vitamin Aj (-c) may be converted to absolute 
or a variety of arbitrary units by the use of appropriate factors available in the 
literature Similar factors for dealing with vitamin A2, however, have not yet 
been determined I have therefore expressed the proportion of vitamins At and 
A2 in mixtures arbitrarily by the ratio of the extinction at 618 mp due to vitamin 
Al to that at 696 mp due to A2 (x y) To make such ratios convenientlv com- 
parable, as in Table 11, their components have been made to sum to 100 To state 
this procedure somewhat differently, the computed extinctions jc and y may be 

2 Recently Lcdercr and Rathmann (1938) have discussed and offered an approx- 
imate solution for this problem 


( 1 ) 


( 2 ) 
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thought of as the lespective "color equivalents" of vitamins Ai and Aj The sum 
of these extinctions may be taken as an arbitrary measure of the total vitamm A 
content, and the contribution to it of each vitamm expressed as a percentage of this 
total An example follows 

A Chinook salmon liver oil yielded an antimony chlonde spectrum with maxima 
at 618 and 696 m^, and extinctions at these wavelengths of 0 428 and 0 155 respec 
lively Through substitution of these values m equations (2) one obtains x « 
0 379 and y *=> 0 125 The sum of these extinctions is 0 504, of which 0 379/0 504 
«= 75 per cent is due to vitamm Ai and the remaining 25 per cent to Aj 

The 618/696 him extinction ratice for vitamins Ai and As on which this com 
putation IS based are strictly vahd only for the test and spectrophotometnc pro- 
cedures here emploved However, GiUam el al have reported 620/697 ratios of 
0 46 and 0 48 lor concentrates of fresh water fish hver oils, and 0 38 as their lowest 
such ratio Lederer and Rathraann (1938) find a 620/695 ratio of 0 33 for their 
nchest vitamin Aj concentrates It is clear therefore that the cxpenmental 
techniques of these workers lead to factors comparable with that of 0 39 ± 0 04 
used in the present experiments 


Ohsenahons 
A Rcltnas 

Spectra of the antimony chlondc reactions with retinal extracts 
from four manne teleosts are shown in Fig 1 Those from the black 
sea bass, porgy, and sea robin have previously been presented as part 
of a study of the visual purple systems in these animals (Wald, 1936- 
37) Data from the sand flounder were obtained from fish killed at 
sea in the light adapted condition several hours before dissection of 
the retinas and extraction 

These fish, representing four different families, ate all permanently 
manne forms It is dear from Fig 1 that their retinas contain the 
615-620 mix chromogen, vitamm Ai, and not a trace of Mtamin A« 

Taxonomic notes on these fishes follow 

Black ea bass, Ctixiropnsles slruiitts Familj Senanidae the basses In the 
same familj are the stnped bass, which enters brackish or fresh water to spawn, 
and the anadroraous white perch, data from which are presented below 

Porgy or scup, Stenotomus chrysops Familv Spandae the ea breams, all 
typically manne 

Sea robin Prionotus carohnus Family Tnglidae the gurnards all manne 

Sand flounder Lophopseifa maculoia Family Pleuronectidae, the flounders, 
all manne This species is the closest North Araencan relative of the European 
turbot and bnll 
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Similar data from the retinas of two manne elasmobranchs, the 
smooth and spin} dogfishes, are shov^n m Fig 2 (a, c) As m the 




Fig 1 Manne teleost retinas Spectra of the antimony chlonde reaction 
mth total benzine extracts of (a) tn o sea bass, {b) fii e scup, (c) two sand flounder, 
and (d) five sea robin retinas These tissues contain the 618 chromogen vita- 
min Ax alone 

Fig 2 hlanne elasmobranch eye tissues Antimony chlonde reaction with 
total benzine extracts of (a) four retmas and ib) eight choroids of smooth dogfish, 
and (c) six retinas, and (d) twelve choroids of spinx dogfish These tissues contain 
only xitamin Ax, accompanied b> small quantities of the 664 m/i chromogen, 
retinenei 

manne teleost retmas, onl} t itamin At is present, accompanied in this 
instance by a trace of the 664 mjx chromogen, retinenej, w^hich has 
escaped conversion to the xntamin 
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Ai However, the remaining eye tissues of the white perch contain 
both vitamins A in about equal proportions, while in the permanently 
fresh-water speaes exanuned they possess vitamin A 2 alone (see 
below) Consequently, in vitamin A configuration as well as in sahn- 
ity relations, the white perch is distinct from all the other fishes so 
far mentioned It is most like the permanently fresh-water forms7 
as though correlated with its fresh-water origin, and shares slightly the 
marine type vitamin Ai, as though associated with its euiyhalmity 
This group of fishes may be divided also on a nutntional basis, since 
the carp is characteristically vegetarian, the other forms carnivorous 
Apparently this difference in habit does not affect the retinal vitamin 
A configuration 

Taxonqmic notes on these fishes follow 

Pickerel, Esox rcitcitlaltis Family Esocidae, the pikes, all permanently fresh- 
water 

Calico bass. Famous sparoidcs Family Centrarchidae, the sunfishes, all per- 
manently fresh-water 

Carp, Cyprtniis carpio Family Cypnnidae, the carps and minnows This 
IS the most e'?tensive family of fresh-water fishes 

White perch, Mamie amcrtcana Family Serranidae, the basses 

Probably the most prominent of euryhahne fishes are the anadrom- 
ous salmonids, which run the gamut from the potentially to the habit- 
ually migratory, and the catadromous eel 
It is now well known from the work of Schmidt (1924) that the 
American fresh-water eel is spawned in the Sargasso Sea (Lat 20-30° 
N , Long 60-80°W ) The larvae migrate northward along our 
shores, metamorphose to elvers in the sea when about 1 year old, and 
at the age of 15 to 16 months ascend the rivers and streams into fresh 
water The eel commonly spends the subsequent 5 to 20 years in 
fresh water before returning to the sea to spawn 

The Chinook or king salmon performs the reverse migration It is 
spawned in fresh water, and the young parr spend from several months 
to 2 years in this environment before descending to the sea Adoles- 
cent or precocious individuals may thereafter reappear in fresh water 
in their second or third years (grilse) The mature salmon return to 
fresh water to spawn principally in the fourth and fifth and as late 
as the seventh years (Gilbert, 1912) 

It IS important to note that though this is the usual history, many 
generations of chinook and other salmons have lived permanently in 
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inland fresh water ponds without detriment, and it is very probable 
smnlarlv that many so called fresh water eels never leave the sea 
Brook and rambow trout, which also are sahnomds, both spawn in 
fresh water and are indifferent in their adult habitats Rainbow trout 



"Wavelength Vavelefigth 

Fig 3 Fig 4 

Fig 3 Fresh water teleost retinas Antimony chlonde reaction with total 
benzine extracts of (a) eight pickerel, (6) eight cahco bass (c) six white perch 
retinas, and (tJ) one carp retina Ordinates for curves a to c are extinction, for d 
percentage absorption These tissues contain only vitamin A , accompanied by 
traces of the unidentified 645 mii chromogen 

Fig 4 Retinas of euryhahne fishes Antimony chlonde reaction with total 
benzine extracts of groups of seven retmas from (1) chinook salmon (2) rainbow 
trout, (3) brook trout, and (4) eels All of these tissues contain mixtures of vita 
mins Ai and As the anadromous salmomds a predommance of the latter, and the 
catadromous eel a predommance of the former 

rarely leave fresh water, but sea runnmg brook trout (sea trout) are 
relatively common These three salmomds therefore typify anadrom 
ous migration in all degrees of realization 
Antimony chlonde reactions with retinal extracts from these fishes 
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and the eel are shown in Fig 4 All four spectra show clearly the 
presence of mixtures of both vitamins Aj and A 2 , the eel predominantly 
the former and the salmonids predominantly the latter The accurate 
proportions of the vitamins A, computed as descnbed above, are 
presented in Table II The}' show a much greater predominance of 
Ai over Aj in the sahnomds than is apparent on inspection of the 
figure 

The eels which have been examined were mature females, caught 
either in fresh water or in salt marshes along the coast at the start of 
their spawning migration No significant differences in vitamin A 
distnbution are assoaated with these differences m habitat These 
fish had expenenced both manne and fresh-water existence, and the 
presence in the retina of both vitamins A might be a supposed conse- 
quence of this dualit}' of environment In any case the ntamin A 
pattern, once established, appears to be permanent, smce the eel 
retains pnmanly manne type vitamin Ai after years of existence in 
fresh water 

The trout and salmonids used in these experiments were obtained 
from a hatchery, and had not at any time been exposed to salt water 
Nevertheless their retinas contain considerable quantities of vitamin 
Ai These animals of known life history demonstrate a relation which 
probably is vahd for all the eurj'hahne fishes examined, the presence 
of both vitamms A in the eye tissues precedes and is independent of 
duahty of environment It is a genetic property of the species, not a 
physiological consequence of migration 

The retmas of the euryhahne eel and salmonids possess predomi- 
nantly the vitamin A ordinanly associated with the environment in 
which each is spawned This is accompanied secondarily by the 
alternative vitamin A, as though correlated with their potentiahty 
for life in both salt and fresh water, whether or not this potentiahty 
has been realized * 

* The observation that the vitamin A pattern is correlated primarily with the 
spawning environment of these fishes is consistent with the judgment of a number 
of naturalists on their nature Schmidt (1924) wntes of the eel, “The Anguilla 
speaes, m contrast to other muraenoids, are usually termed fresh-water eels, and 
are reckoned among the fresh-water fishes of Europe and North America From 
what we have now learned this is far from literally strict Both from their history 



GEORGE WALD 


403 


Taxonomic data for these fishes follow 

Eel, Anguilla roslrala Taraily Anguilhdae the true eels 
The following are members o{ the family Salmomdae, which includes the white 
fishes, salmons, and trouts, all anadromous or fresh water fishes 
Brook trout, Sahelinm femtinaUs 

Rainbow trout, Jalmo irufeiu Among the American salmomds, this most 
nearly resembles the European Salmo farto 

Chmook, king or Columbia River salmon, Oiicar/jyfic/mr tschawytscha 

B Combined Retina and Pigmented Epifhehtm 
All the foregoing experiments except that upon the sand flounder 
were performed with fresh isolated dark adapted retinas prepared in 
the laboratory The experunents now to be reported, with one ex 
ception, concern fishes obtained several hours after death in a light 
adapted condition In this state the pigmented epithehum ordinarily 
adheres firmly to the retina In the tautog alone of all the fishes 
exanuned the same condition is found m the dark adapted eye, m 
this instance the freshly dissected rebnas and pigmented epithelia 
were irradiated as were the isolated retinas in the preceding section 
In all these cases benzme extracts of the combined tissues were pre 
pared in the usual manner Their antimony chlonde reacbons are 
shown in Fig 5 These results are to be interpreted with a speafic 
caution It IS possible in this type of experiment for vitamins A 
from the pigmented epithelium to ‘*swamp” those from the retma, so 
that small amounts of one or the other vitamin A which might have 
appeared in extracts of isolated retinas might not be demonstrable m 
extracts of the combined tissues 

and their actual manner of life, these * fresh water eels” are true oceanic fishes, 
and the remarkable pomt in their li!c history is not so much the fact of their 
migrating out into the sea to spawn as in their leaving it in order to pass their 
penod of growth m an environment so unusual for muraenoid fishes as fresh water ” 
Concemmg the Atlantic salmon, Goode (1903, p 445) comments I am mciined 
to the view that the natural habitat of the Salmon is m the fresh waters the more 
so since there are so many instances — such as that of the Stormontfield Ponds m 
England — where it has been confined for vears m lakes without apparent detn 
ment * That the chmook salmon has been kept for years m fresh water ponds m 
France is another strong evidence of the correctness of this view (Jordan and 
Evermann, 1902) 
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The marine haddock, whiting, and herring eye tissues all contain 
vitamin Ai alone The herring forms with the alewife a pair similar 
to the sea bass and white perch The former fish belong to one 
family and resemble each other closely anatomically The hernng is 
permanently manne, but the alewife enters fresh water to spawn 
Immediately afterward it returns to the sea, and since the young fry 
migrate seaward within several months after hatching, ordinanly 
this fish spends only a few months of its entire existence in fresh water 
Still its eye contains predominantly, perhaps exclusively, the fresh- 
water fish type vitamin Az This is a striking added demonstration 
that the vitamin A configuration of the eye tissues is pnnapally and 
permanently associated with the spawning environment ® 

The data so far presented reveal so precise a correlation between 
vitamin A distnbution and salinity relations as to sharply accentuate 
the case of the tautog The tautog alone of all the fishes exarmned 
possesses a vitamin A pattern the reverse of that found generally 
The combined retinas and pigmented epithelia of several dark 
adapted tautogs were extracted tn darkness three times with benzine 
in order to remove stored vitamins A and pennit the retinal changes 
following irradiation to be estimated The first two extracts contained 
a moderate quantity of vitamin Az, the third only a faint trace of this 
vitamin The tissue was exposed to bright light and left m moderate 
light at room temperature for about 1| hours A fourth benzine 
extract now yielded curve e of Fig 5 It shows the formation, during 
bleaching, of a large quantity of new vitamin Az accompanied by a 
small amount of Ai Similar results have been obtained previously 
only from anadromous fishes Yet the tautog is permanently manne, 
as are also all members of its family, the Labridae The possible 
significance of this situation is discussed below Taxonomic data on 
the fishes just reviewed follow 

Haddock, Melanogrammns acglifinm Family Gadidae, the cods 
Whitmg or silver hake, Merluctus bthncans Famib'- Merlucidae, the silver 

hakes 

6 The alewife, like the salmonids and white perch, may spend its entire existence 
in fresh water without detriment Large numbers are found, apparently land- 
locked, in Lake Ontano and certain small lakes m New York State (Jordan and 
Evermann, 1902) 
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The sea hemng Cliipea harengus^ and the alcwife, Pomolobits psettdoharengits, 
are members of the same family, the Clupcidac 

Tautog, Tattloga mtlts Family Labndae, the cunners or wrassefishes 

C Choroid and Pigmented Epithelium 
The pigmented layers of all the marine fishes examined contain 
vitamm Ai alone Data from the herring and sand flounder are 
shown m Fig 6 (c, d), and from the smooth and spiny dogfishes in 
Fig 2 (6, d) The latter display small amounts of the 664 mp chrom 
ogen, retmenei This substance has not previously been found in the 
pigmented layers, and its significance m this situation in the dog 
fishes IS problematical 

Antimony chloride tests with pigmented layer extracts from the 
fresh water carp and cahco bass are shown in Fig 6 (o, b) They 
reveal no trace of vitamin Ai, but instead high concentrations of Aj, 
accompanied by the unknown 645 mp chromogen The latter is 
more prominent in these extracts than m the retmal oils 
Similar tests with extracts from euryhaline fishes are shown in Fig 1 
Curves a, b, and c from the salmomds demonstrate mutures of vi 
tamins Ai and Aj with a cleat predommance of the latter Curve d, 
from the eel, also displays the bands of both vitamins A, apparently 
m reverse proportion to the salmomds The computed proportions 
of vitamms A m all these extracts ate presented in Table II , they show 
the “color eqmvalents” of Ai and A to be about equal m the eel 
tissues 

White perch pigmented layers yield a pecubar result (Fig 7e) 
The test spectrum is dominated by the 645 mp band which heretofore 
has appeared only as a famt sateUite of the 696 mp absorption Low 
bands due to vitarmns Aj and At may also be distinguished, but their 
proportions cannot be estimated in this preparation A similar result 
has been obtamed by Edisbury et al (1938) with a hver oil from the 
true perch {Perea Jiumattlis) 

The pigmented layers, therefore, present about as precise correla 
tion of vitamm A pattern with salinity relations as do the retmas 
This observation lessens the force of our distinction between the 
retina proper, practically all of whose vitarmns A are directly involved 
in the visual processes, and the extra retmal tissues in which vitarmns 
A seem merely to be stored Apparently the accumulation of vitamins 
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A ma> be a highly selective process even m tissues Tvhich contain 
much larger amounts than they appear to utilize The \ntamm A 



Fig 5 Combined retuias and pigmented epitbeba Antimonj cblonde reac- 
tions witb benzine e-^tracts from tbe manne (a) hemng, (b) v-biting, (c) baddocL, 
and te) tautog, and (d) from tbe anadromous aJe^ile Tbe predominance of 
vitamin A 2 in tbe tautog tissues is the reverse of tbe results obtamed vnth all the 
other marine fishes etamined 

Fig 6 Pigmented epitbelia and choroids of stenobahne fishes Antimony 
cblonde reactions vnth chloroform ertracts of the combmed tissues from (a) four 
carp, (fi) eight calico bass, (c) one sand flounder, and (d) of the choroids from sev en 
hemng Ordinates of curves a, c, and d are per cent absorbed, for b are ex- 
tinction Tissues from tbe manne fishes contain \itzmm Ai alone, those from 
the fresh-water fishes only vitamm A; 


configuration not only of the retina but of all the tissues of the ocular 
fundus IS a genetic charactenstic, primarily mdependent of the im- 
mediate environment and life history of tbe fishes examined 
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D Liver 

The vitaimn A pattern and salinitv relations are not correlated as 
preasely in the liver as in the eye tissues Most hver oils contain 
mixtures of both vitamins A, occasionally in proportions the reverse 

TABtE n 

Proportions of vitamins Ai and Aj m fish eye tissues and hvers These are 
stated in terms of “color equivalents “ the cictmction at 618 mp due to vitamin 
Ai compared vnth the extmction at 696 cftp due to vitamin As Each pair of 
values IS summed to 100, so that each figure has the force of a percentage 


Type 

FUh 


Other 
eye lisnes 

Liven 



O 

O 

Al 

Al 

Al 

Al 

Manoe 

Sea bass 

100 

0 

_ 




_ 


Scup 

100 

0 

— 

— 


— 


Sea Tobm 

100 

0 

— 

— 

— 



Sand flounder 

100 

0 

100 

0 

94 

6 


Smooth dogflih 

100 

0 

100 

0 

— 

— 


Spiny dogfish 

100 


100 

0 

100 

0 


Hemng 

too* 

■1 

100 

0 

80 

20 


Haddock 

100* 

0 

— 


— 

— 


Whiting 

100* 

0 

— 


— 

— 


Tautog 

18* 

82 

— 

— 

— 

— 


Hahbut 

— 

— 

— 

— 

92 

8 


Cod 

— 

— 


— 

■SI 

0 

Fresh •water 

Pickerel 

0 

100 

— 

— 


100 


Calico bass 

0 

100 


100 

■1 

100 


Carp 

0 

100 

0 

100 

65-75 

25-35 

Anadromous 

White perch 

0 

100 


? 

— 

— 


Alewife 

0* 

100 



19 

81 


Chinook salmon 

29 

71 

20 

mM 

13^ 

20-25 


Rainbow trout 

38 

62 

30 

70 

41 

59 


Brook trout 

35 

65 


mm 



Catadromous 

Ed 

62 

35 



99 

1 


• Pigmented epithehum included 


of those in the eye The relative amounts of vitamins Ai and A, 
m fish hvers, computed as descnbed above, are presented in the last 
two columns of Table II Similar data on the liver oils of a large 
number of European fishes appear in the papers of Edisbury e( al 
(1938), GiUam «( al (1938), and Lederer and Rathmann (1938) 
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IONIC MOBILITIES IN PROTOPLASM IV 


Let us now consider the potassium efiect, i e , the change in p d 
produced b} substituting KCI for NaCl This was measured as 
shown in Fig 4 Before the application of HG this is 94 4 ± 2 1 mv 
(22 obsen^ations) As explained in previous papers'® this ma)^ be 
calculated by means of Henderson’s equation if ve know the values 
of Ksa and Before the application of HG we have = 8 76 
and = 2 33 (p 420) and we find that we must put^i, - = 38 

to get the obseiwed®® p d of 94 4 mv After the application of HG 
we have = 8 76 and = 7 30 (p 420) and we must then put 
‘S'k — = 2 35 to get the observed value’* of 20 9 Since is 

not changed by HG, as is show n by the behavior of the curve in Fig 5, 
w'e may suppose that HG has multiplied the value of by 16 2 
w’hich w'ould reduce the ratio from 38 to 2 35 (We have already 
seen that HG changes from 2 33 to 7 30 ) 

We ma} conclude that HG increases and vS'^a wuth little or no 
effect on or 

This recalls the situation in Hahcyslts where HG appears to increase 
without affecting In Valojiia^ is increased and is 
decreased 

The changes produced b} HG in the concentration effect and in the 
potassium effect are to some extent predictable from the electrical 
behaxnor of HG Preliminary experiments in this laborator} , m col- 
laboration w'lth J W Murray, show'®" that w'hen the NitcUa cell is 

®® The value for the change from 0 01 m NaCl to 0 01 ii KCI and ace tcrsa is 
94 4 ± 2 1 (22 observations) 

The value for the change from 0 01 jr A’aCl to 0 01 ii KCI and acc zersa is 
20 9 ±07 mv (32 obser\'ations) this is after the action current has been pro- 
duced as in Fig 4, in the presence of NaCl when the action current has been 
produced as in Fig 6, in the presence of KCI, the corresponding value is 24 7 ± 

1 4 m\ (6 observations) 

"" Cf footnote 1 An exposure of about 5 minutes is necessarj to produce this 
result But it does not occur in NtlcUa or in Hahcyslts even with an exposure of 
10 minutes to 0 02 m HG 

"" In measuring the concentration effect the HG was first shaken with the more 
dilute solution and left in contact with it in a U-tube, the more concentrated 
solution was then placed in contact with the other surface of the HG The two 
aqueous solutions were then connected through calomel electrodes to a Compton 
electrometer The sign in all cases is that observed in the external circuit 

In measuring the potassium effect the HG was shaken with NaCl and KCI 
was then placed on the opposite side 
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replaced by a liquid layer of HG the concentration effect of NaCl 
IS somewhat smaller than that of KCi, which agrees with Nitdla 
The dilute solution is positive in both cases, as in Ntldla 
For the potassium effect (0 1 m NaCl w 0 1 M K.C1) the value is 
about 14 mv The K.C1 is negative to NaCl, as m Nttella 
Since the potassium effect is less m HG than in Ntklla we might 
expect the addition of HG to the non aqueous protoplasmic surface 
layer, X, to lessen the value of the potassium effect, as is mdeed the 
case And since the concentration effects of K.C1 and NaCl are 
nearer together in HG than in Ntldla we might expect the addition 
of HG to bnng these effects nearer together in Xttdla, as is the case 
The fact that i%, is increased m Ntldla and ii^ left unaffected 
IS not explamed by these considerations Further mvestigation is 
needed 

It is evident that the action of HG cannot be accounted for on the 
ground that the protoplasrmc surface is a pore system since a change 
in the pores could not increase «n, and leave unaffected as m 
Ntldla and Baltcysits or increase «n, and simultaneously decrease 
Kk as m Valoma 

summahy 

In Ntldla, as in Baltcysits, guaiacol increases the mobihty of Na+ 
in the outer protoplasmic surface but leaves the mobihty of K+ 
unaffected This differs from the situation in Valoma where the 
mobility of Na+ is increased and that of K+ is decreased 
The partition coeffiaent of Na+ in the outer protoplasmic surface 
IS increased and that of K+ left unchanged 
Recovery after the action current is delayed m the presence of 
guaiacol and the action curves are “square topped ” 
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FORMATION OF TRYPSIN FROM CRYSTALLINE TRYPSIN- 
OGEN BY MEANS OF ENTEROKINASE 

Bv M KUNITZ 

(rratn the Laboratories oj The RochcjeWer Institute jor Meiicat Research 
Princeton^ New Jersey) 

(Accepted for publication, November 11, 1938) 

The mechanism of formation of trypsin from trypsmogen by means 
of enterokinase has been a matter of almost continuous controversy 
since the discovery of enterokinase by Schepowalnikow in Pawlow’s 
laboratory in 1899 Pawlow and Schepowalmkow considered entcro 
kinase to be a typical enzyme Studies of the kmctics of activation 
have shown, however, that while the rate of activation of a definite 
concentration of trypsmogen was proportional to the concentration 
of enterokinase used, the ultimate amount of trypsin formed was 
not independent of the concentration of enterokinase, as would be 
expected were enterokinase a true enzyme This led to the suggestion 
that the formation of trypsin from trypsmogen by enterokinase is 
essentially a stoichiometnc combination between trypsmogen and en 
terokmase to form an active enzyme, “trypsin kmase” (1) 

The isolation (8) of crystallme trypsmogen from fresh beef pancreas, 
its autocatalytic transformation at pH 7 0-9 0 mto active trypsm 
without the aid of any outside activator, and the isolation of the active 
trypsm in pure crystalline form offer proof agamst the assumption that 
trj'psin IS a stoichiometnc compound of kinase and trypsmogen It 
was also found that pure crystalhne trypsmogen can be changed mto 
active trypsin at pH 3 0-4 0 by means of a kmase obtained from a mold 
of the genus Penicilhum (2) The trypsm formed was crystallized 
and found to be identical in crystallme form, solubility, and specific 
activity with the crystalhne trypsm obtained by spontaneous auto 
catalytic activation of trypsmogen at pH 8 0 The action of mold 
kmase was that of a typical enzyme, the process of activation follow 
mg the course of a catalytic unimolecular reaction and the ultimate 
amount of trypsin formed bemg independent of the concentration of 
mold kmase used 
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This paper deals with the kinetics of the formation of trypsin from 
crystalline trypsinogen by means of purified enterokmase obtained 
from swine duodenum contents Enterokmase acts best in the range 
of pH 6 0-9 0 where autocatalytic formation of trypsin from trypsino- 
gen occurs readily The percentage rate of this reaction, however, is 
proportional to the concentration of trypsinogen Hence, by using 
very dilute trypsinogen solutions the rate of the autocatalytic activa- 
tion may be made negligible compared with that of the activation 
brought about by a significant amount of enterokmase (3) The 
autolysis of the trypsin formed, which generally occurs in the range of 
pH 7 0-9 0 (4), IS also minimized by using dilute trypsinogen and by 
employing temperatures not higher than 5°C 
A further complication exists at pH 7 0-9 0 since under these con- 
ditions trypsinogen in the presence of trypsin is partly changed to an 
inert protein (5) which can no longer be transformed into trypsin 
either by enterokmase or mold kinase This complication is mini- 
mized in solutions more acid than pH 6 0 where the rate of transforma- 
tion of trypsinogen into inert protein is greatly reduced When 
activation by enterokmase is allowed to proceed at pH below 6 0 
enterokmase acts almost like a typical enzyme The reaction follows 
approximately the course of a theoretical unimolecular reaction with 
a velocity constant proportional to the concentration of enterokmase 
used and the ultimate amount of trypsin formed is practically in- 
dependent of the concentration of kinase 
If, on the other hand, the activation is allowed to proceed at pH 
above 6 0a great portion of the trypsinogen is transformed into inert 
protein, the more so the lower the concentration of enterokmase used 
As a result, the ultimate amount of trypsin formed is less as the con- 
centration of enterokmase used is decreased m agreement with the 
findings of earlier workers (6) 

The kinetics of the formation of the trypsin from crystalline trypsin- 
ogen by means of enterokmase under conditions where part of the 
trypsinogen is changed into inert protein can be derived mathe- 
matically as follows 

Let Go = initial concentration of trypsinogen 
£ = concentration of enterokmase 
A = concentration of trypsin at any time / 
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A, = final concentration of trypsin 
I = concentration of inert protein formed from trypsmogen 
in any time I 

I, — final concentration of inert protein 
G„ — A — I = concentration of trypsmogen at any time i 
Assuming (1) that the rate of formation of trypsin is proportional to 
the concentration of enterokinase and to the concentration of trypsino 
gen and, (2) that the rate of formation of inert protein is proportional 
to the concentration of trypsin and to the concentration of trypsino 
gen, we have the following equations 


~A~ I) 
at 

(1) 

^ = K,A(G -A-I) 

at 

(2) 


Hence 


and 


K C 


( 3 ) 


I - bA’ (4) 

where b = nnd K, and K are the velocity constants of the re- 
actions 

Substituting bA' for I in Equation 1, we get 

^ - JC £(C -A~ bA’) (S) 


At the end of the reaction when ^ = 0 we have 
dl 


G ^ A + bA', 


or 


c -A K, 

A' ” “ 2K £ 


(6) 


<r) 
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Substituting Ag 4" ^A^g for Go in Equation 5 we get 


dA 

— = KgE [Ue - A){\ + hA. + bA)] 


which on integration gives 


In - + In 
At -- A 




ml 


where 

m = KgE + KiAi 

The exponential form of Equation 9 is 

Ag(e”* — 1 ) 

bA, 


A = 


(8) 

(9) 

( 10 ) 

( 11 ) 




l+bAg 

where in is the slope of the straight line obtained when the values for 

are plotted against /, in accordance with Equation 9 
It follows from Equations 7 and 10 that 

mA, 


K,E = 


and 


= 


*lGo — A, 

m — K,E 
A, ' 


( 12 ) 


(13) 


At pH more acid than 6 0 Kz becomes negligible and Equations 9 and 
11 are then reduced to the approximate forms 


In 


Go- A 


= K,E( 


and 


A = G<,(1 - 


(9a) 


(9b) 


which are the equations of a simple catalytic unimolecular reaction 
If an appreciable amount of tr 3 q)sin, Ao, is present as an impurity in 
the sample of trypsinogen used then Equation 9 becomes 


. A, — Ab , , 1 + bA, + bA 
In ^ r + In = ml 


A, — A 


1 bA, + bAo 
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where 

, C +4 

also Equation 4 becomes 

1 = JU« - X' ) 

The derived equations brmg out the following relationship between 
the trypsm and inert protem formed from trypsmogen in the presence 
of enterohinase at pH above 6 0 the concentration of mert protein 
formed at any tune during the reaction is proportional to the square 
of the concentration of trypsm formed and inversely proportional to 
the concentration of enterokmase used (Equation 4) 

It follows then that the higher the concentration of enterokinase 
used the greater is the percentage of trypsmogen changed into active 
trypsm 

This relationship, as well as the equation for the kmetics of the 
enterokmase activation, has been found to check closelj with the 
experimental results 

The transformation of trypsmogen mto trypsin m the presence of 
enterokmase appears thus to be a typical enzyme reaction catalyzed 
by the enzyme enterokmase The anomalous results found under 
certain conditions are due to a secondary reaction by which trypsin 
changes trypsmogen to an inert protem 

The kmetics of the reaction outlmed above applies only to dilute 
solutions of purified trypsmogen The activation of concentrated 
solutions of trypsmogen is complicated by rapid autocatah tic forma 
tion of trypsm by the trypsm itself The activation of crude pan 
creatic extracts is much more comphcated since, as previously noted 
(7), these extracts contain chymo trypsmogen m addition to trypsino 
gen and also a substance which inhibits trypsin (8) In outlme the 
activation of crude trypsmogen by enterokmase proceeds as follows 
Addition of kmase transforms the trypsmogen to trypsin which 
catalyzes the conversion of trypsmogen to form more trypsm and which 
also catalyzes the conversion of chymo trypsmogen to chymo trypsm 
If the method of activity determmations used determmes both trypsm 
and chymo trypsm, as is usually the case, the curv es obtamed when 
the activity of the solution is plotted agamst time are S shaped but 
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asymmetrical and resemble those obtained by Vernon (9) These 
curves generally show a long initial lag penod which is partly caused 
by the interference of the trypsin inhibitor with the catalytic action 
of the trjyisin formed 

Expemneiital Studies of the Kinetics of the Formation of Trypsin from 
Crystalline Trypsinogen by Means of Enterokinase General 

Procedure 

Reaction mixtures were made up of solutions of crystalline trypsinogen and of 
enterokinase m dilute buffers and allowed to stand at 5°C The solutions were 
kept sterile by the addition of 0 1 ml 1 per cent merthiolate m 1 4 per cent borax 
solution to 100 ml of reaction mixture Samples of 1 ml were acidified with 
hydrochloric acid to about pH 2 0m order to stop the reactions The concentra- 
tion of trypsin in the samples was then determined by the hemoglobin method of 
Anson (10) Samples were also taken m some cases for the determination of the 
concentration of inert protem formed during the reaction by the method described 
elsewhere (11) and which consists essentially m adding to the samples a large 
excess of enterokinase and thus brmging about rapid and complete activation of 
all the available trypsmogen 

Kinetics of Formation of Trypsin by Means of Enterokinase at pE 
5 6 and 7 6 — The striking difference m the behavior of enterokinase 
when allowed to act on crystalline trypsinogen at pH 5 6, as compared 
with that of pH 7 6, is shown in Fig 1 At pH 5 6 enterokinase acts 
almost like a typical enzyme so that the ultimate concentration of 
trypsin formed in a solution of trj'psinogen of a definite concentration 
varies only slightly with the concentration of enterokinase used, while 
at pH 7 6 the ultimate concentration of trypsin formed varies markedly 
with the concentration of enterokinase 

Fig 2 shows the experimental data for the action of enterokinase 
on crystalline trypsinogen at pH 5 6 plotted logarithmically (Equa- 
tion 9d) 



In the calculations the value of G„was taken as 1 5 X 10"^ [T U 
per ml which is the value obtained in the presence of a large excess of 
enterokinase In the presence of the concentrations of kinase used 
in this experiment (Fig 1, pH 5 6) the activity reaches a maximum 
value of only 1 3-1 35 X IQ-^" [T U per ml , the difference bemg 
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due to the formation of a small amount (10-20 per cent) of inert 
protein In the first part of the reaction this formation of inert 



Fig 1 Formation o£ trypsin from crystalbne trypsmogen by enterokinase at 
5®C Activation mixtures 5 ml 0065 per cent solution of trypsmogen m 
0 005 ii hydrochloric aad + 10 ml 0 1 u phosphate buffer -f 1 0 ml enterokinase 
solution m ivater 4- distilled water to 50 ml 

protein is too small to affect the results but in the latter part of the 
reaction when A approaches the value of G the reaction ivill proceed 
more slowly than calculated on the simple assumption that no inert 
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protein is formed Thus in Fig 2, where the results have been plotted 
by the simple monomolecular equation the theoretical and experi- 
mental points agree up to 50-60 per cent activation and the slopes of 
the lines are proportional to the concentrations of enterokinase used 
In the last 30-40 per cent of the reaction the formation of inert protein 
becomes significant and the experimental points he below those pre- 
dicted by the simple equation in which the formation of inert protem 
was neglected 



Fig 2 Logarithmic curves of Fig 1 pH 5 6 plotted in accordance with the 
equation of a simple unimolecular reaction 

On the other hand, curve I in Fig 3 shows that the experimental 
data for the action of enterokinase at pH 7 6 do not fall in straight 
lines when plotted logarithmically in accordance with the theoretical 
equation of a simple unimolecular reaction even in the first part of the 
reaction The experimental points, however, do fall in a straight line 
(curve II, Fig 3) when plotted according to the more complete Equa- 
tion 9 which takes care of the complication due to the formation of 
inert protem Curve III of Fig 3 shows the close agreement between 




M L.UNITZ 


437 


the observed and theoretical values of A The last were computed 
by means of Equation 11 with m *= 0 21 as given by the slope of 
curve II The loganthmic curves (Equation 9) for the whole senes 
of pH 7 6 are shown in Fig 4 In practically all cases the expen- 



Fig 3 Comparison between theoretical and observed data on the formation 
of trypsm from crystallme trypsmogen by enterokinase at pH 7 6 and S C Con 
centration of trypsmogen 0 01 mg protein nitrogen per ml Concentration of 
enterokmase 0 20 [E K U ] per ml 

mental points he on straight lines The slopes of the vanous lines, 
as well as the calculated values of K^, Kz, and A are given in Table I 
The concentrations of G and yl* are expressed in rag protein nitrogen 
per ml , 1 mg protein mtrogen being equivalent to 0 15 [T U 
Formation of Inert Protein — Fig 5 shows the time curves for the 
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, Trypsin in tO-’mg P N per ml 

Fig 6 Relation between trypsin and inert protein formed from crystalline 
trypsinogen at pH 7 6 and 5°C in the presence of enterohinase The smooth 

curve IS the theoretical locus of the equation I = bA^ where b ~ — — ; — = 200 

TABLE n 
Effect oj pH 

Activation mixture 1 ml 1 M KH 2 PO 4 + K 2 HPO 4 mixtures, plus 1 0 ml 
enterokinase, 5 [E K U ] per ml water, plus 5 0 ml crystalline trypsmogen, 0 1 
mg protein nitrogen per ml m/200 hydrochloric acid, plus water to 50 ml Sam- 
ples 1 0 ml plus 1 0 ml 0 04 M hydrochloric acid for activity measurements 
Trypsmogen concentration Go = 0 01 mg protem nitrogen per ml 
Enterokmase concentration E = 0 1 [E K U ] per ml 


pH 

5 26 

5 78 

6 12 

6 38 

6 55 

6 72 

6 94 

7 18 

7 45 

7 75 

^cin 10~^ mg trypsinpro j 
tein nitrogen per ml 

8 1 

1 

7 3 

6 1 

5 6 

4 6 

4 3 

3 8 

3 4 

3 2 

2 9 

KeE -f- KiAe per hr (from 
logarithmic plot Equa- 
tion 9) 

0 053 

0 13 

0 20 

1 

0 24| 

1 

0 27 

1 

0 25| 

j 

0 30 

0 35 

0 36 

0 40 

Ko per [E K U ] per hr 
(Equation 12) 

0 36 

0 75 

0 87 

1 

0 93 

0 79 

1 

0 68 

0 71 

0 72 

1 0 68 

0 67 

Ki per mg trypsm protein 
mtrogen per hr (Equa- 
tion 13) 

2 

8 

19 

26 

1 

41 

i 

43 

1 

60 

82 

1 

93 

113 


m the presence of enterokmase I is proportional to the square of A Both 
relations, however, are derived mathematically on the basis of the same assump- 
tion that the formation of mert protem is catalyzed by the trypsm formed 
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Effect of pB on the Velocity Constants of Both Reactions 

The striking difference in the kinetics of formation of trypsm by 
means of enterokmase at pH 5 8 and at pH 7 6 was shown m 
Fig 1 A summary of a senes of expenments on the effect of pH m 
the region of 5 26-7 75 on the kinetics of formation of trypsm from 
trypsinogen m the presence of enterokmase at 7°C is given m Table 
H and also m Fig 7 

The results show that there is a gradual decrease m the amount of 
trypsin formed with the increase of pH At pH more acid than 5 0 



Fig 7 Formation of trypsm at 7®C by means of enterokmase at \anous pH 
G - 0 01 mg trypsmogen protein nitrogen per ml Enterokmase = 0 1 [E K U 1 
per ml 

there is, however, a sudden drop in the amount of trypsin formed due 
to destruction of enterokmase The optimum range of pH for the 
rate of formation of trypsin by means of enterokmase is at about 6 2 
as shown on curve K , Fig 8 The values of Kt for the various pH, 
as calculated from the slopes of the loganthnucally plotted curves, 
are of the same magmtude as those obtained under the same approx 
imate conditions of temperature, salt, and trypsinogen concentration 
in the absence of enterokmase during the autocatalytic formation of 
trypsm (13) 
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E^ecl of Concenlrahon of Trypsinogen 

With increase in concentration of trjTDSinogen in solution, the con- 
centration of enterokinase being kept constant, the rate of the catalytic 
formation of inert protem is greatly increased as compared with the 
rate of the catalytic formation of trypsin by enterokmase, since the 
relative rate of formation of the two products is proportional to the 



Fig 8 Effect of pH on the velocit}'^ constants 

concentration of trypsin formed (Equation 3) The comphcating 
effect of the formation of inert protein on the kmetics of the entero- 
kinase action as the concentration of trj’psmogen is increased becomes 
evident even at pH 5 8 This is shown in Fig 9 where the percentage 
of tr}q)smogen changed mto tr}q>sm was plotted agamst t The higher 
the concentration of trjqismogen used the lower was the percentage 
rate as well as the final per cent of trypsinogen changed mto trypsm 
The results of the experiment are summarized m Table IH where 
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the observed values of inert protein formed are given In every case 
the sum of values of A, and I, is equal to the corresponding value of 



Hours 

Fig 9 Effect of concentration of trypsmogen on the formation of trypsin from 
crystalline trypsmogen by means of cnterokinase at pH 5 8 and 6®C Concentra 
tion of enteroLmase 01 [£ K U } mi 

TABLE m 

Effect of Concentratton of Trypnnogen a\ pU S S and 6 C 
Concentration of enterokinase 0 08 [E K U ] per ml 0 02 u phosphate 
buffer pH 5 8 of activation mixture 


Concentration of trypsmogen “ C in mg protein nitrogen per ml 1 
activaUon mixture 

0 01 

0 02 

0 03 

Final concentration of trypsin formed «« A in trypsin mg protein 
nitrogen per ml 

0 oov 

0 011 

0 015 

Final concentration of inert protem formed “ / (observed) in rag 
protein nitrogen per ml 

0 003 

0 008 

0 015 

Ki 2E{G - A ) 

10 

12 

11 

K A* 



The table also shows that the relation between G and A in each 


case checks with the theoretical Equation 7 giving a value of 


K 
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independent of the oiiginal concentration of trypsmogen used The 
values of Ke and as calculated from the slopes of the logarithmic 
curves appear, however, to decrease with increase in concentration of 
trypsmogen A similar effect of increase in concentration of sub- 
strate on the magnitude of the velocity constant has been frequently 
obseived in the case of enzymatic reactions (14) 

Addition of fresh trypsmogen to the activation mixtures at the end 
of the reaction always brought about formation of more trypsin, thus 
proving that the incomplete activation of the original trypsmogen was 
not due to any insufTiciency or possible inactivation of the entcro- 
kinase On the other hand, the addition of excess cnterokinase or 
mold kinase to the activation mixture at the end of the reaction has 
never brought about an increase m the concentration of trypsin 
although no significant loss of protein has been noticed It is evident 
that the incompleteness of the enterokinase reaction is due to the 
partial transformation of the trypsmogen into inert protein which 
cannot be changed into trypsin by any known activator 

Methods 

1 Preparation of Crystalline Trypsmogen — ^The trypsinogen was prepared by 
the method of Kunitz and Northrop (8) The crystals were purified and made 
inhibitor free by means of trichloracetic acid as described on page 993 of the 
same reference, except for an extra step m the process which was omitted through 
a typographical error The corrected procedure for purification by means of 
trichloracetic acid is as follows 10 gm filter cake of trypsinogen crystals is dis- 
solved m 200 ml n/400 hydrochloric acid and 200 ml 5 per cent trichloracetic 
acid added The solution is left at 20°C for 1 hour and then filtered with suction 
and washed several times with small amounts of 2 5 per cent trichloracetic acid 
and finally with water The semi-dry precipitate is dissolved in 25 times its 
weight of N /50 hydrochloric acid, allowed to stand about 30 minutes Ammonium 
sulfate IS added to 0 4 saturation The precipitate is filtered off and rejected 
The filtrate is brought to 0 7 saturation with solid ammonium sulfate and filtered 
with suction The filter cake is dissolved m 3-5 times its weight of n/200 hydro- 
chloric acid and dialyzed for 24 hours at 5-6'’C against running n/200 hydrochloric 
acid 

2 Preparation of Enterokinase — A stock of enterokinase in water and containing 
about 1,000 kinase units per ml was prepared from intestinal contents by the 
method described elsewhere (15) 

3 Estimation of Enterokinase —The quantity of enterokinase in any solution 
is expressed m terms of the velocity with which it transforms crystalline trypsino- 
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gen into trypsin under standard conditions One enterokinase unit, 1 [E K U ] 
IS the amount of kinase that bnngs about the activation of 0 065 mg crystalline 
trypsmogen (0 01 mg protem nitrogen) m 0 02 m Sfirensen’s phosphate buffer pH 
5 8 at the rate of 100 per cent per hour at 5®C Under these conditions the activa 
tion by enterokinase follows approximately the course of a simple ummolecular 

Q 

reaction so that the plotted values of In = is t fall m straight lines (Fig 2) the 

Cr — A 

slopes of which are proportional to the concentration of enterokinase used The 
concentration of enterokmase in each case can be taken as equal to the slope of the 
lines b> assignmg the value of unity to the proportionahty constant 

The standard method of estimating kmase involves the determination of con 
centration of trypsin in a senes of samples taken at vanous intervals of time from 
the activation mixture in order to obtam several points for the logarithmic curve 
For practical purposes the following simplified procedure was adopted Acltvalton 
tntxlure 3 ml 0 02 u phosphate buffer pH 7 6 plus 1 0 mk enterokmase m 0 02 u 
phosphate pH 7 6 plus 1 ml standard crystalhne trypsmogen solution (0 1 mg 
protem mtrogen per ml ) in n/200 hydrochloric acid The activation mixture is 
placed for 30 nunutes m a water bath at 2S®C 1 0 ml of the mixture is then 
added to 5 0 ml Anson’s urea hemoglobm solution its trypsin content [T U is 
determmed as descnbed by Anson (10) The concentrabon of enterokmase m 
(E K U 1 per ml activation mixture correspondmg to the [T U 1^ measured is 
then read off a standard curve The standard curve is obtamed b> plotting the 
data of [T U w [E K U ] for a series of activation mixtures contammg vanous 
dilutions of a stock of enterokinase of known (E K U ] content, as determined by 
the standard method 1 [E K U ] is equivalent to about 100 mg of acetone dned 
pigs duodenal mucosa 

4 Esttmaiton of Trypsin — Method of Anson (10) 

5 Eslmaiion of Inerl ProUtn — Described in preceding paper (11) 

The writer was assisted by Margaret E. McDonald 
SUMMARY 

Crystalline trypsmogen is most readfly and completely transformed 
into trypsin by means of enterokinase in the range of pH 5 2-6 0 at 
S®C and at a concentration of trypsmogen of not more than 0 1 mg 
per ml The action of enterokmase under these conditions is that of 
a typical enzyme The process follows closely the course of a catalytic 
ummolecular reaction, the rate of formation of trypsin being pro 
portional to the concentration of enterokinase added and the ultimate 
amount of trypsin formed being independent of the concentration of 
enterokinase 

The catalytic action of enterokmase on crystalline trypsmogen in 
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dilute solution at pH more alkaline than 6 0 and m concentrated 
solution at pH even slightly below 6 0 is complicated by the partial 
transformation of the trypsmogen into inert protein which can no 
longer be changed mto trypsm even by a large excess of enterokinase 
This secondary reaction is catalyzed by the trypsm formed and the 
rate of the reaction is proportional to the concentration of trypsin 
as well as to the concentration of trypsmogen m solution Hence 
under these conditions only a small part of the trypsmogen is changed 
by enterokinase mto trypsm while a considerable part of the trypsm- 
ogen IS transformed mto inert protein, the more so the lower the con- 
centration of enterokinase used 

The kinetics of the formation of trypsm by means of enterokinase 
when accompanied by the formation of inert protein can be explained 
quantitatively on the theoretical assumption that both reactions are 
of the simple catalytic ummolecular type, the catalyst bemg entero- 
kmase in the first reaction and trypsm m the second reaction 
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PURIFICATION AND CONCENTRATION OF 
ENTEROKINASE 

BvM KtJNlTZ 

{From the Laboratories of The Rockefeller Institute for Medical Research, 
rnncelon, New Jersey) 

(Accepted for publication, November 11, 1938) 

Waldschnudt Leitz (1) has desenbed a method of purification of 
kinase which consists essentially in drymg swine duodenal mucosae 
with acetone and ether, extracting the dried mucosae with dilute 
ammonium hydroxide, and removmg foreign protein from the aqueous 
extract by means of dilute acetic acid The solution can be further 
punfied by precipitation with alcohol, tannic acid, and finally by 
fractional adsorption on A1 (OH)} and kaolin By this method Wald 
schmidt Leiti obtained a preparation which was about 100 times more 
active per unit dr} weight than the acetone dned mucosa 

This paper describes a simplified method of purification of entero 
kinase whereby preparations of enterokinase 5,000-50,000 times as 
active as the acetone dned mucosa can be readily obtamed 

The fluid contents of duodena of swme were found to be the most 
convenient source for enterokmase The punfication consisted 
pnncipally in pH adjustment and fractional precipitation with am 
momura sulfate The contents of duodena of a large number of freshly 
killed swme were collected in the slaughter house and stored at about 
— 10°C The matenal was afterwards worked up gradually m the 
laboratory It has been found that storage of the material frozen as 
long as a month did not affect its quality as a source of enterokinase 

The details of the process for purification and concentration of the 
enterokinase are as follows 

12 5 liters of duodenal contents are diluted with 7 5 liters of tap 
water and warmed to 20®C 

2 50 gm of “Hyflo Super Cel’^* are mixed with every liter of mix 

^ Manufactured by Johns ManviUe Corporation 22 East 40th Street, New York 
City 
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ture and the whole mass filtered with suction through filter cloth in 
a 15 inch Buchner funnel First extract 

3 Residue is resuspended in 3 liters of tap water and refiltered 
through cloth 

4 Combined extracts are cooled to 5°C 

5 pH of extracts is adjusted with 5 n sulfuric acid to about 4 0 
(tested with methyl orange) The precipitate formed is filtered 
rapidly with suction with the aid of 20 gm of “Standard Super-Cel” 
per liter of solution 

6 Filtrate is brought immediately to pH 8 0 with 5 n sodium 
hydroxide 


table I 

Enterokinase from 2 5 Liters of Duodenal Contents 



Total cn 
tcrokinasc 
units 
lEKU) 

Per cent 

lEKUlper 
pro- 
lem nilro- 
gca 

[EKUJpcr 
mg carbo- 
hydrate 

[EKUlpcr 
mg dry 
weight 

First extract 


■1 

100 

16 


Washings 


HH 

124 

20 


Total 






pH 4 0 filtrate 

Filtrate from 0 4 saturated am- 

EB 

B 

275 

19 


monium sulfate 

■BtlSiil 

62 

760 

675 

40 

Acetone dried pig mucosa 
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7 Solid ammonium sulfate is added to bring the filtrate to 0 8 
saturation The pH of the solution is again adjusted to pH 8 0 with 
5 N sodium hydroxide 4 0 ml of 0 4 m pH 9 0 borate buffer is then 
added to every liter of solution The formed flocculent precipitate is 
allowed to rise to the surface and is then easily collected into a dough- 
like mass and removed from the solution Weight of precipitate 
about 20 gm 

8 The precipitate is dissolved in about 5 volumes of cold water 
and solid ammonium sulfate is added to 0 4 saturation Filtered 
with suction with the aid of 5 per cent ‘Standard Super-Cel ” Resi- 
due rejected 

9 Filtrate from 0 4 saturated ammonium sulfate is brought to 0 8 
saturation with solid ammonium sulfate and filtered with suction 
Filter cake about 15 gm 
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10 Steps 8 and 9 repeated 

The degree of punty of the products obtained in the vanous steps 
as well as the yields are given in Table I 
Table I shows that one fractionation with ammonium sulfate raises 
the kinase activity of the material by 200 per cent with respect to 
protein and by 3,000 per cent with respect to carboh) drate 
The kinase content per miUigram dry weight of the material is 
about 4,000 times as great as that of acetone dried duodenal mucosa 
The matenal can be further purified by dialysis and by repeated 
fractionation with ammomum sulfate as well as by fractional pre 
cipitation in cold 60 per cent alcohol or cold 2 S per cent tnchloracetic 
aad It was found, however, that the matenal obtamcd after the first 
fractionation with saturated ammomum sulfate was free of any im 
punties likely to mterfere with its use as an activator of trypsmogen 


TABUE n 

Appronmale Ccmponiton of PiinUcJ Enicroktnase 


i 

Per teat 

Carbon 

45 

Total nitrogen 

12 

Protein preopitabk in 2 5 per cent tnchloracetic aad 

10 or less 

Carbohydrate 

10 ' 

Glucosamine j 

10 


The filter cake from 0 8 saturated ammonium sulfate is completely 
soluble m water and thus a solution of any desired strength is readily 
available 

An approximate analysis of the matenal twice refractionated with 
ammonium sulfate and then dialyzed is given in Table n The rela- 
tive content of protein, carbohydrate, and glucosamine vaned con 
siderably in different preparations and no definite conelusion can be 
drawn as yet as to the actual chemical nature of enterokmase 

Methods 

I Estimation of Enterokmase Activity — The concentration of enterokmase is 
expressed m terms of enterokmase units fEJt "D ] per ml One IE lk.U 1 is equiva 
lent approximatelj to the actmtj contained m about 100 mg of acetone dried 
pigs’ duodenal mucosa The details of procedure of estimation, as ivell as the 
defimtion of the enterokmase umt used are described m the precedmg paper (2) 
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Z Prolan Nitrogen — protein nitrogen was determined by the turbidity 
method (3) 

3 Total Carbohydrate Total carbohydrate was determined colorimetrically 
bv the orcinol method of SpJrensen and Haugaard (4) and expressed m terms of 
milligrams of sucrose 

4 Glucosamine —Adaptation of the colorimetric method of Elson and Morgan 
(5) The procedure adopted for measuring the glucosamine content of the mate- 
rial used here is as follows 1 ml sample is mixed m a Pyrex 12 X 1 5 cm tube, 
marked to 10 ml , with 1 ml 2 ir hydrochloric acid and heated for 1 hour at 100°C 
in a steam bath under a reflux condenser about 25 cm long and 6 mm in 
diameter ® The solution is cooled, then the following reagents are added 1 drop 
0 1 per cent phenolphthalein, 1 0 ml 2 m sodium hydroxide, a few drops of m/1 
sodium carbonate to pink color, 1 0 ml of freshly prepared solution of acetyl 
acetone (0 2 ml in 10 ml m/1 sodium carbonate) The mixture is reheated for 15 
minutes at 100°C under the reflux condenser, then cooled 4 0 ml 95 per cent 
alcohol is added and mixed 1 0 ml of Ehrheh’s reagent (0 8 gm />-dimethyl- 
amraobenzaldehyde m 30 ml 95 per cent alcohol plus 30 ml concentrated hy- 
drochloric acid), and then alcohol to the 10 ml mark are added The solution is 
carefully but thoroughly mixed and filtered through 9 cm Whatman’s No 42 
filter paper m order to remove CO 2 bubbles as well as any turbidity from the 
liquid The color of the solution is compared after 15 mmutes with that of a 
standard glucosamme hydrochloride solution treated m the same manner 

The writer was assisted in this work by Margaret R McDonald and 
Vivian Kaufman 


SUMMARY 

A concentrated solution of purified enterokmase is conveniently 
prepared from the fluid contents of pigs’ duodena by means of frac- 
tional precipitation with ammonium siflfate under the proper pH 
conditions 
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THE FLICKER RESPONSE CONTOUR FOR THE 
ISOPOD ASELLUS 

’B'i \V J CRQZtER, ERNST WOLF add GERTRUD ZERRAHN WOLF 
(From the Biological Lahoralona Harvard University, Cambridge) 
(Accepted for publication, August 11, 1938) 

I 

The form of the curve exhibiting the relation between flash fre 
quency (F) and intensity of flash (I) critical for response to visual 
flicker is pecuhar in the case of various arthropods previously studied ' 
For sundry vertebrates’ the curve of log I vs F is either a sunple 
probabihty mtegral or else (typically) a composite of two such curves, 
corresponding to the dupleaty of the visual action system ’ For 
such forms as bee, dragon fly larva, and fiddler crab,’ however, the 
lower portion of the curve increases in slope too rapidly for this form 
ulation All of these animals have large convex optic surfaces The 
deformation of the f~ log I graph was accordmgly attnbuted* to 
the existence of mechanical conditions affecting reception of hght by 
these eyes At lower intensities certam of the ommatidia, espeaallv 
around the periphery of the eye, do not receive sufficient energy to 
enable them to contnbute to the determination of response to flicker 
withm the time permitted by the flash cycle At higher flash fre 
quencies (and higher critical mtensities) the chance of these dis 
advantaged units hemg significantly imphcated should be much 
greater, and their effect should therefore be detected In keepmg 
with expectation, the asymmetry is not affected by changing the 
temperature over a wide range,* but, again as predicted, it is reduced 
by increasing the proportion of hght tune m the flash cycle * 

’ C/ Crozier, Wolf and Zenahn Wolf, 1937-38c 

Wolf and Zenahn Wolf 1935-36, Crozier, 1935-36 Crozier, Wolf, and 
Zerrahn Wolf 1936-37.7, d, 1937-38o, d, 1937, 1938c, d 1938o, h, 1938-39, 
1937-386 Crozier, 1937 and footnote 15 

* Crozier, Wolf, and Zerrahn Wolf, 1938o e 

* Crozier, Wolf, and Zerrahn Wolf 1936-376 1937-38c, e 

* Crozier Wolf and Zerrahn Wolf 1937-38c 

* Crozier, Wolf, and Zenahn Wolf, 1937-38e 
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ASELLUS FLICKER CONTOUR 


II 

A rather direct test of the validity of these considerations should be 
obtained by determining the flicker frequency vs critical intensity 
relationship for an arthropod with smaller, flatter eyes—particularly 
if the ommatidial axes do not diverge too greatly m each eye The 
more or less incidental information available with respect to the eyes 
of isopods^ indicates that aquatic forms such as Asellus should give 
material for a crucial examination of the point Our own sections of 
the eye of Asellus aquaheus (histologically a difficult object) show that 
each eye consists of roughly four rows of rather well separated om- 
matidia with (save at the edge) approximately parallel axes Each 
row shows about 25 ommatidia It is crudely estimated that each 
eye is made up of about 125 (or fewer) ommatidia Its surface is not 
markedly curved, as in such forms as Anax 

The apparatus producing flickered light has been described in our 
earlier papers ^ The tests with Asellus were made by determining 
critical intensities at fixed flash frequencies Observations were made 
under conditions such that the light time in a flash cycle was equal 
to the dark time {j>c ,t vlt d = 1) The same type of thermal adap- 
tation and control of temperature (21 5°) was used as in previous ex- 
periments with other forms - 

The data obtained with Asellus show none of the “distorted” 
asymmetrical features thus far encountered with other arthropods 
The F— log I curve, like that for the rod-free turtle Pseudemys, is a 
simple, symmetrical function over its whole range Especially when 
considered together, these two curves permit a really significant test 
of the acceptable analytical form of the flicker response contour, be- 
cause the whole range of the function is open to examination This 
has not been possible with vertebrates exhibiting duplexity of visual 
properties, since only the upper 80 per cent or so of the “cone” curve 
has been available and the “rod” curve is comparatively minute as 
well as complicated^ by its overlapping with the lower (concealed) 
end of the cone curve 

Asellus were kept individually in the cylindrical dishes of thin glass in which 
their visual responses were tested To secure precise reactions a good foothold 


Parker, 1891, Peabody, 1938 
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must be provided On a glass surface struggling motions may appear at the 
begmnmg of a response, and the specific reaction to the movmg stnpe system can 
not then be easily recognized Filler paper accurately cut to fit the bottom of 
the dish was therefore used to give a surface for easy creepmg AsdUis is very 
reactive to vibrations and to disturbance of the water After bemg put m place 
m the apparatus they usually run about for a time Light may influence this 
restlessness During a test the animal must be quiescent when the light is ad 
nutted If It IS found to be moving, the diaphragm is closed Observation is 
then re begun until the isopod is found to be quiet 

At the threshold reaction to flicker the isopod may dash to the periphery of 
the ]ar and then contmue crawling in the duecUon of the movement of the stripes 
If It IS already at the wall of the container and facmg m the direction of the motion 
of the stripes, the initial response is usually a short dash, which may or may not 
be contmued around the dish In some cases circus movements are observed m 
the center of the ]ar Frequently recognizable response is obtamed when the 
animal is already m motion, m the form of a sudden change of direction How 
ever, if the isopod is at first facing against the motion of the lUummated stripes 
the reactions are not clear, the turning movements as result of reaction to the 
flicker are too slow and not adequately sharp for use as an mdex, although the 
critical illumination as then observed is clearly of the same order of magnitude as 
m the other cases There is no difference between the cntical illummation for 
response to flicker at any flash frequency, for the non movmg Asellus whether m 
the center of the jar or m contact with the wall, — although m the latter instance 
there IS opportunity for a stereotropic factor which might influence the rcadmg 

m 

The data obtained with AscUus are given in Table I The figures 
are averages obtained from the same 10 individuals at each flash 
frequency (F) The vanous levels of F tested were used in practically 
random order, and there are no detectable dnfts from day to day 
dunng the course of the experiment Tor reasons which have been 
given m earUer papers,*"^ the readmgs were taken in the following 
way At each F, three observations of the cntical illumination in a 
flash are obtamed in succession on an individual, the mean of these 
= /i for that animal, the mean value of the /i*s for the ten numbered 
isopods = 7„,theP E of the dispersion of the /i*s == 3? E 7 , These 
values are (as their loganthms) entered in Table I Readings are 
taken at two flash frequenaes on each day In tests made at different 
r^s the numbered individuals are used m (different) random orders of 
succession 
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The values of Zi, for a given F, can be arranged in an ascending 
order The rank-order numbers (1-10) indicating decreasing se- 
quence of excitabilities may then be examined to establish the degree 
of homogeneity in the group of individuals for which the h readings 
are averaged Homogeneity of the group is important for the under- 
standing of the meaning of the data ® In the absence of demonstrable 
homogeneity the data refer to an average performance which may well 

TABLE I 

Mean critical intensities, and dispersions, at vanous flash frequencies, F per 
see , for response of Asellus aqualicus to flashing light, as log I„ and log P E i,, 
(raillilamberts) Light time and dark time equal in the flash cycle (t c , IJtp - 1) 
Temp = 21 5° The same 10 individuals used at each F, with three readings on 
each averaged to give h for each individual, P E i,, is the dispersion of these 
means 


r 

per sec 

log/m 

log P E IJ, 

1 

3 2533 

5 5464 

2 

3 6235 

5 9860 

4 

3 9023 

4 2151 

7 

2 2874 

4 8238 

10 

2 5136 

3 1206 

15 

2 7863 

3 0232 

20 

i 0414 

3 4284 

25 

i 2790 

3 6871 

30 

i 5149 

2 0519 

35 

i 7252 

2 0414 

40 

i 9939 

2 5205 

42 5 

0 2185 

2 8005 

45 

0 4442 

2 7317 

47 S 

0 6700 

2 8562 

50 

1 0871 

1 4749 

51 

1 5331 

1 8689 


have no ascertainable meaning A homogeneous group is one in 
which the individuals are nearly enough ahke for the purposes of the 
experiment so that they are demonstrably interchangeable This 
must be estabhshed from the data This kind of demonstration is 
curiously absent in studies of the sensory performance of human 
subjects Unless it can be established, merely increasing the number 

® Crozier, 1935-36, 1936 
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of individuals in the tested group serves only to obscure more com- 
pletely tbe nature of the measured phenomenon At the same time, 
the discovery m the data of tmnor persistmg heterogeneities can serve 
to prove the adequate refinement and preasion of the methods of ob 
servation It is really impossible to influence subjectively the ob 
servations, under the condiPons of these evpenments, in such a way 
as to produce accidentally specific correlations of the kmds which the 
readmgs disclose 

The mean rank-order numbers for our ten Asellus are randomly 
distributed m time, and show no correlation in pairs of tests made 
successivelj on the same individual The procedure is debcate 
enough to detect this effect when it is real {cf Anax data,* turtles’”) 
The two individuals whose mean rank-order numbers depart most 
widely on either side of the mean are Nos 5 and 8 For these the 
respective mean rank-order numbers with their P E „’s are 7 09 ± 
0 769 and 3 84 ± 0 648 The difference is 3 8 times its probable 
error, and is thus barely on the verge of possible significance This 
IS borne out by the fact that the mean critical mtensities for No 
8 are on the average (12 cases out of 16) sbghtly greater (by co 4 
per cent) than those for No 5 determmed at the same time The 
evidence of consistency is of mterest as remforcing the mdications 
of the rank-order analysis, and as objectively showmg the rehabihty 
of the observational procedures employed This is the general result 
in all the mvestigations we have made, with vanous forms, when an 
essentially homogeneous population has been available When 
Asellus Nos S and 8 are etcluded, the relative rank order positions 
of the remaining 8 are distnbuted m an entirely random way The 
slight but persistmg mdividuahties of Nos 5 or 8 have no detect- 
able influence on the form of the curve which the data give, and the 
group of 10 IS accordingly treated as, from a practical standpoint, 
homogeneous 

The variation of h, measured by P E obeys the rule observed 
with other forms P E j, is directly proporPonal to T„ (Fig 1 , data 
m Table I) As with other mvertebrates for which flicker response 

” Crorier Wolf, and Zetrafm Wolf 193G-3T6 c 19S7-38c e 
Crozier Wolf and Zenahn Wolf, 1938-39 
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data have been obtained, “ there is no “break” in the plot of P E 
vs 1„ This IS also observed for the measurements with the turtle 
Fseudcmys,^° in which one encounters the participation of but a single 
class of neural elements in the determination of the response 
for other vertebrates the visual duplexity phenomenon seems to 
be definitely correlated with a second, different proportionality factor 
in the variation function for the exclusively cone range of the flicker 



Fig 1 The variation of mean critical intensities (7i) for response to flicker in 
AselluSt as a function of the average critical intensity The slope of the band = 1, 
and P E is consequently directly proportional to Data in Table I 

response contour ^ The proportionality factor for Asellus is the same 
as for Anax 

IV 

The relation between and F is shown graphically m Fig 2 
The curve drawn is a calculated probability integral, 

Crozier, 1935, 1935-36 

Crozier, Wolf, and Zerrahn-Wolf, 1938o 

Crozier, Wolf, and Zerrahn-Wolf, 1937-38-;, c 
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. KP^ j eipj^^-logi^ 


( 1 ) 


where I, is the intensity at the inflection point (log J. = 1 295) 
The graph differs strikingly from those obtained for Apis, Anax, 
and the like, as we have already indicated, the curves of log vs F 
for the latter are definitely asymmetrical On the basis of expecta- 
tion denved from the shape and structure oi the eye oi Asclltis we 
were led to believe that the curve for the latter would not be skewed 
The excellent description of the data by a log probabihty integral is 



no 2 Log vs F for Asellus Data m Table I The curve is a calculated 
probabihty integral (c/ Fig 3) 

indicated even better by Fig 3 than in Fig 2 In Fig 3 the extent 
of the distortion of the flicker response contour for arthropods with 
large convex eyes is apparent 

The Aselhis curve is clearly of the same nature as the uncomphcated 
curve given by the cone retina turtle Pseudemys >* That it is in each 
case so well described by a log probabihty integral is of importance 
for the theory of the flicker recogmtion function The interpretation 
of this function, of course, cannot in any case be based mcrelj upon 

» Crozier, Wolf, and Zenahn WoH. 19380, b 1938-39 
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the results of descriptive curve fitting But in any event until very 
recently there were not available uncomplicated flicker response con- 
tours sufficiently complete in range to provide suitable material for 
such tests The curve for Pseudemys^^ and that for Asellus are free 



Fig 3 The flicker response contours (F — log !„) for Apis, Ana\, and Asellus, 
on a probability grid (with F as a percentage of the respective F^ar m each case) 
The asymmetrical character of the graphs for bee and dragon fly nymph is dis- 
cussed m the text The slopes of the three probability integrals (straight lines) 
are sensibly identical, mdicatmg that is the same for these 3 arthropods, see 
text 

from structural complications Each is decidedly well fitted by a 
probability integral m log I They cannot be adequately fitted by 
the logistic 


F = F„„/(i 


( 2 ) 
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Tig 4 shows that a maximum F may be assumed (about 4 per cent 
higher than that used for Figs 2 and 3), which will give an apparently 



Fig 4 The data o{ Table I and Fig 2 on a logistic gnd The maxunum of F 
has been chosen to give nearest approach to rcctilineanty The lower portion of 
the curve departs widely Data from cipenments on the turtle Pyeitdemys^^ show 
the same type of departure, and in each case calculation shows that the data 
on this gnd really follow a sigmoid course this could not be dcaded with ccr 
tamty if the upper portion of the curve (F *» 10 to 50) were the only portion avail 
able, see text 

reasonable fit to the upper 80 per cent of the flash frequency range of 
the data The fit decidedly fails, howe\er, for the lower end 
Equation (2) is of interest because it is identical with the equation 
proposed by Hecht^^ for the flicker curve on the basis that F is pro 
i^Hecht 1937 Hccht, Shlacr, and Smith 1935, Hecht and Smith, 1935-36 
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portional to the concentration of photoproducts in the retinal pho- 
tosensory state 

tKI = (F)"/(^r.nx - F)”', (3) 

intli m - 11 , p\s the proportion of the flash cycle time occupied by 
light of intensity 7 If (3) is to be used, (2) can be adequate only 
wlien M = w = 1/s In this event the slope d log F/d log I approaches 
1/s as a limit for very low values of 7’ If the data do not extend 
below T’ = 10 or so, it is impossible to secure an unequivocal graphical 
adjustment of equation (3) with small integral values of m and n 
(7 c , 1 or 2) For the two instances {Psendemys, Ascllns) in which 
data are reasonably complete this is impossible in any case, smce the 
lower fifth of the curve departs too widety, for the upper pari a fairly 
close fit could be gotten with m = 71 = 1 for Ascllus and = 2 for 
Pseudemys, but calculation from the data shows that the departures 
are systematic and significant Equation (3) also gives erroneous 
predictions as to the effects obtained by altering temperature'® and p 
tlie fractional light time in the flash cycle There is accordingly no 
real basis whatever for the use of equation (3) 

In using the probability integral for purposes of formulation,'® 
however, we find a satisfactory fit over the whole range of the data 
in uncomplicated instances" (Fig 2, etc) A number of analj^tical 
advantages also arise in a simple way in dealing with the duplex 
(or even triplex®) flicker contours for tjqncal vertebrates - The basis 
for decision m the choice of a descriptive analj^tical function must, of 
course, be found in the properties of the parameters of the function 
For the probability integral these parameters are (1) the asymptotic 
maximum ordinate (F„ax), (2) the abscissa of the inflection pomt 
(log lo), and (3) the standard deviation of the first derivative of the 
curve ((Tiosi) For convemence'® we write r' for 7, where the a' 
refers to the parameter when F„ai is taken as 100 per cent The 
changes in the three parameters which result from alterations of 
retmal area,'® temperature,® and proportion of light time in the flash 

'® Crozier, AVolf, and Zerrahn-Wolf, 1936-376, c, 19386 
Crozier, Wolf, and Zerrahn-Wolf, 1937-38d, e 
'® Crozier, 1937 

'® Crozier, Wolf, and Zerrahn-Wolf, 1937-38c 
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cycle” show that each of these quantities may be mfiuenced inde 
pendently of the other two, and m a quantitatively significant way 
in each case The behavior of these constants, particularly of 
and of (Tiai, in interspecific breeding expenments with fishes’® 
shows that a definite physical basis must be presumed for each of 
them in the neural organization of the animal 

The data on several arthropods are of mterest for this analysis 
The cunous and unexpected fact emerges that the value of o-'iosi 
IS nearly or even quite the same for Apts, Anax, and AsclUis 
This IS easily judged by the parallel graphs in Fig 3 It is to be re 
called that a' is experimentally an invanant, smce neither change of 
temperature, of area, nor of I Jl d appears to affect it detectably ” ” 
On the other hand it appears to be a charactenstic, specific, constant, 
among xertebrates, since it behaves in a unitary manner in mher 
itance ® It must therefore be determined by the organization of the 
animal 

The values of log / and of F„ , are specific for each of the three 
arthropods tested, but a' is the same for all Thus (all at = 21 S, 
1 1,1 to = 1) the values of are Amx, 61 0, Apis, 53 5, Aselltis, 
51 3, of log /, in the same order, 2 45, i 67, I 30 It must be con 
eluded that some fundamental feature of neural orgamzation is com- 
mon to the three It need not be supposed that the retinal structure 
supplies this common element It may well be that the study of 
other arthropods will show divergent values of a' Otherwise one is 
left with the problem of accounting for the fact that the relative spread 
of the frequency distnbution of intensity thresholds for the elements 
of effect concerned in the reaction to flicker is identical m bee, 
dragon fly nymph, and isopod 

V 

SUMMARY 

The flicker response contour for the isopod Asellus is a simple 
probability integral (F — log /) over the whole determinable range 
(F = 1 to 51) This contrasts with the “distorted” asymmetneal 
curves obtained with Apis, Anax, and other arthropods with large 

“ Crozier Wolf, and Zemhn Wolf, 1937 1937-3Sa 1938c, and further eipen 
ments about to be published 
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convex eyes The explanation of the distortion as due to mechanical 
conditions affecting photorcception is therefore confirmed, as the 
structure of the Asellus eye does not make such a factor likely to be 
expected for this case 

The Ascllns curve agrees with the only other available complete 
and uncomplicated flicker response contour (from Pscudcniys, turtle 
with rod-free retina), in showing the superiority of the probability 
integral formulation as compared with certain others which have been 
suggested 

It IS noted as a curious and probably important fact that the relative 
dispersion of the intensity thresholds {cr'iogi) for the elements im- 
plicated m determining the flicker contour appears to be identical in 
bee, dragon fly nymph, and isopod Other relevant mformation 
derived from similar experiments with vertebrates shows that this 
quantity is specifically determined by the organization of the animal 
The nature of the common feature of neural organization in three such 
diverse arthropods, as contrasted with the diversity seen within one 
class of vertebrates (c g , teleosts), remains to be discovered 
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I 

A primary condition of rational physiological analysis is the dis 
covery of organic invariants An organic invariant is a property 
of the organism expressing its capacity to exhibit a particular kind 
of performance The property clearly must be determinate,^ m 
the sense that it is expenmentally recoverable in adequate repeti 
tions of the observations, else we have no right to regard it as ex 
pressmg anything The quantitative measure of this property 
should be independent of the speafic magnitudes of the inciting 
conditions Considerations of this sort are pecuharly important 
for the study of behavior,’ although obviously not confined to this 
field, and for the use of data based upon organic response 

Response to visual flicker supphes an example The elementary 
problem is to deduce from the properties of the data of such responses 
the nature of the system in which these properties are determined 
and by which their exhibition is governed This is essentially a 
problem of statistical mechamcs Its solution requires the use of 

* Part I IS in y Gen Physiol , 1937-38 21, 17-56 Some of the results have 
been discussed m a senes of notes under the title "Specific constants for visual 
excitation, m Free Nat Acad Sc , 1937, 23, 516, 1938, 24, 221 , 542, 1939, 2B, 
78 

We are under obhgation to Dr Gertrud Zerrahn Wolf for assistance in connec 
tion with the expenments 

’ Crozier W J m Murchison, C , The foundations of expenmentalpsycholog> , 
Clark University Press, Worcester 1929, pp 45-127 1935, Dfiterminisme et 

vanabditfi Pans Hermann et Cie 57 pp 

Crozier, W J , and Pincus, G , Z Gen PAyna! , 1929-30 13,57, 81 1931-32, 
IB, 437 1936-37, 20, 111 
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those invariant indices which the data may be shown to provide 
It cannot be directly resolved by qualitative appeal to structural 
features of the receptor mechanism, for several reasons the data 
arc basically derived from reactions of the whole or^^anism, and are 
signals of marginal response to (recognition of) flicker, and the in- 
variant general properties of the data, provided by the type of analy- 
tical function describing them, show no specific correlations with 
known details of structure in different animals ^ The assumption 
that visual data arc determined by quantitative properties of the 
retina is unnecessary and probably fallacious ^ The parallelism 
with known retinal properties derives simply from the fact that a 
large number of (variable) elements are involved m each of the two 
cases, the invariants concerned are essentially statistical quantities 

It IS obvious, however, that the flicker response curves for dif- 
ferent kinds of animals are not the same This means that if the 
same analytical function is usable for all, specific magnitudes must 
be exhibited by the parameters of the function To demonstrate 
the descriptive validity of an interpretive function we require evi- 
dence (1) that the curve is in particular cases quantitatively repeat- 
able, (2) that its specific parameters are definitely determined by 
the constitution of the organism, (3) that the proposed parameters 
have, experimentally, those physical properties called for by the 
interpretation 

For a considerable diversity of animals now tested, the law defining 
the relation between flash frequency (F) and flash intensity (/) 
critical for response to flicker is of the same general form It is 
of particular moment to supply proof that the spcctfic properties of 
the curve, as distinct from its general character, are determined by 
the molecular constitution of the organism This is an essential 
aspect of the proof that the desenptive invariant indices sought are 
orgamc invariants — properties of the matcnal considered This 
kind of proof can be provided by fortunately chosen cases open to 
genetic manipulation 

3 Crozicr, W J , Wolf, E , and Zerrahn-Wolf, G , Proc Nal Acad Sc, 1937, 
23, 516, 1938, 24, 125, clc 

* Cf Crozicr, W J , and Holway, A H , 7 Gen Phystol , 1938-39, 22, 341 
Gen Physiol, 1937-38, 21, 223, elc 
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The logic of the situation is eminently simple ' For animals of 
a given type the curve of (mean) critical lUununation (/„) as a func- 
tion of flash frequency {F) with flash cj cle of a fixed type, and tem 
perature constant, is a definitely recoverable function The “curve” 
IS of course a band, defined by /„ ± uj as a function of F,^ describing 
the probability of occurrence of the index response under the given 
conditions The conditions of observation have been the same in 
all our cxpenments, and the variation involved is essentially a con 
stitutional property® of the particular orgamsms concerned in the 
expenment IV e need not for present purposes discuss how it ma> 
be supposed that this vanation in excitabihty is imphcated in, or 
dependent upon, the mechamsm of response We are concerned 
only, at the moment, with the fact of the reproducibility of the F — 
curve, with material of the same type, and with the conjoined fact 
that the F ~ I„ curves for different types of animals, under the 
same conditions, are not the same 
The most useful analytical function adequately descnbing the 
dependence of upon F (or of r„ upon J) is a probability integral 
in log / ® The equation for this curve accurately describes the course 
of the data in cases where only a single assemblage of sensory umts 
IS involved, uncomphcated by gross mechamcal conditions,'® and 
it permits ptease dissection of the duplex flicker response contour 
typical of most vertebrates " The three parameters of the probabihty 
curve (maximum, absassa of inflection, and standard deviation of 
the first denvative) are severally influenced by temperature,'® retinal 
area,” and fractional hght time in the flash cycle “ m ways which are 

‘J Gen PAyjiol , 1929-30, 13, 57 1936-37,20, 111, 1937-38,21, 17 
’ J Gcii Physiol 193S-J6 19, 503 Pros Nat Acad Sc , 1936 22, 412 
J Gen Physiol , 1936-37, 20, 211, 363 Proc Nat Acad Sc 1938, 24, 130 
J Gen Physiol , 1937-38, 21, 17, etc 

*/ Gen Physiol 1936-37,20,211,363 1937-38 21,17 
> Proc Nat Acad Sc , 1937, 23, 71, 516, 1938, 24, 125 216 J Gen Physiol 
1938-39, 22 311, 451 m press 

'® J Gen Physiol 1938-39 22, 311 451 m press 
'' / Gen Physiol , 1937-38 21, 17 203 313 / Exp Zool , 1939, in press 

' J Gen PAysioi , 1936-37, 20, 393 411 Proc Nat Acad Sc 1938,24,216 
'• J Gen Physiol , 1937-38, 21, 223 
'* J Gen Physiol , 1937-38, 21, 313, 463 
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predictable by the conception of variable excitation units if these 
three parameters are acceptable as sufficient and efficient for the 
analytical function describing the data This is sufficiently demon- 
strated by the fact that situations superficially dissimilar but m 
essential respects dynamically identical (eg, auditory excitation, 
nerve excitation, and photosynthesis) are describable by the same 
formulation No other available descriptive function adequately 
fits the measurements, although several have been proposed, nor 
do the constants which these alternative descriptions contain exhibit 
the requisite physical properties which theory and experiment alike 
demand, they therefore do not need to be considered 

The problem arises therefore as to whether the specific magnitudes 
of the parameters of the probability integral can by a genetic test 
of their constitutional dependence be shown to exhibit the behavior 
of natural constants In the biological situation, and for the present 
problem m particular, this of course means specific constancy cor- 
related with constitution This can be tested by breeding experi- 
ments For this purpose fresh water teleosts are peculiarly 
advantageous Various genera which we have examined give dif- 
ferent F — log Im curves Several "species’’ and forms of each of 
several different generic types show agreements in this respect, as 
we have already found indicated '' The constitutional differences 
involved in the control of the F — log / curves therefore must be 
dependent upon rather deep-seated features of organization Dif- 
ferent genera, with certain limitations, can be successfully hybridized, 
as is well known 

We shall distinguish the three parameters of the probability func- 
tion by symbols — F„an flic maximum flash frequency to which 
the curve rises, r', the (log I) abscissa of the inflection point, and 
o-'joj/, the standard deviation of the first derivative of F vs log 7, 

Nal Acad Sc, mi, 23, 71 

Hecht, S , and Vernjp, CD,/ Gen Physiol , 1933, 17, 251 Hecht, S , 
Shlaer, S , and Smith, E L , Intermittent light stimulation and the duplicity 
theory of vision, in Cold Spring Harbor symposia on quantitative biology, Cold 
Spring Harbor, Long Island Biological Association, 1935, 3, 231 Hecht, S , 
Physiol Rev , 1937, 17, 239 Hecht, S , The Harvey Lectures, 1937-38, 33, 35 

” / Gen Physiol , 1936-37, 20, 393, 411 Proc Nat Acad Sc , 1938, 24, 
216 / Gen Physiol , 1937-38, 21, 313, 463 
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With = 100 per cent It is to be expected that in different 
forms t', and F„„, with temperature and Il/Ib constant, may well 
be influenced by complex arcumstances affecting (o) the total number 
of potentially excitable elements, and (6) the basic excitabibty of 
each (any) element This is based upon the experimentally deter 
mined influence of temperature" and flash cycle light tune fraction “ 
But cr'i,, , could be expected to be a more direct expression of the 
fundamental molecular organization of the ammal, smce it measures 
the relative dispersion of the log I thresholds of the relevant popula 
tion of neural elements, this quantity is experimentally independent 
of temperature" and of the hght time proporhon in the flash cyde," 
and of retmal area," but it is a specific property already indicated 
to be rather simply determined genetically •’ (The situation may 
in this respect be compUcated by certain purely mechanical factors 
among arthropods utihzed for similar experiments," but this docs 
not really affect the immediate argument ) 

In dealing with the flicker response contours of most vertebrates 
we encounter a situation which has a number of mterestmg features 
Two populations of exatable elements are usually mvolved m the 
exhibition of the response to flicker, as revealed by the form of the 
flicker response contour One of these has a modal exatability at 
a rather low critical intensity, the other (larger) has a modal excit- 
ability at a much higher mtensity “ In terms of the duplexity 
theory these have been interpreted as due to the excitation of retinal 
rods and cones respectively There are cunous pitfalls in the logic 
of this proposition, mto the discussion of which we need not now go 
We are concerned only with the objective evidence that two popula 
tions of neural effects are concerned In a genetic experiment with 
fishes" evidence has been provided that these two populations may 
m hereditary determination follow different rules The properties 
of the flicker response contour in smgle tvpes of individuals therefore 
provided important instances of the significance of the viewpoint 
here developed for the analysis of functional properties 

" J Gen Phynol , 1937-38 21, 17 Proc Nat Acad Sc , 1937, 23, 516 
Gen Pkyswl 1937-38.21,223 1938-39 22, 451 
" Cf Hecht S Physio! Rev , 1937, 17, 239 J Gen Physiol , 1936-37 20 
211 1937-38, 21, 17 203 J Exp Zoo! , 1939, in press 
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Oul first test of this matter^s was exploratory We used a back- 
cross stock derived from X^phophor^{s hellen {X ) X Platypoeahus 
macjilahts {P ), being mated to X hellen These individuals 
ill') were uniform in their flicker response contours (t c , showed no 
evidence of segregation into several types) There was indicated a 
fairly simple relationship between the specific values of the para- 
meters of the hybrid curve and of the curves for the two parental 
stocks The differences found between various genera of fishes have 
to do with log -^(«// (= r'), and for the “rod” and 

“cone” portions of each duplex curve, and with the separation be- 
tween t' for the two parts There is no evidence of formal association 
between magnitudes of these parameters in our data on various 
vertebrates, nor with respect to the rod and cone curves for any one 
kind of animal (This refers, of course, to data obtained at one 
temperature, and with a flash cycle in which we do not as 

yet know in sufficient detail just how the temperature characteristics 
for and the proportionality factors for change of and t' 
with change of percentage light time, may also show speafic asso- 
ciation with genetic types ) In the breeding expenment^® referred 
to it appeared that the cone F^^x m the hybrids was the same as for 
X , and the values of for both rod and cone curves, for the 
rod part, however, was the same as for P , r' for both rods and 
cones was intermediate between the values for X and P , but closer 
to those for P 

Scrutiny of these findings shows that dormnance with respect to 
one aspect of the flicker contour may be accompanied by “blending” 
with respect to another, and the dominance relations may be quite 
different in the two parts of the duplex curve These are sufficient 
illustrations of the necessity for knowledge of the complete function 
before its rational interpretation and use become possible Un- 
questionably many another genetic situation will in time be fruit- 
fully explored from this standpoint 

It is also clearly indicated that the parameters F„,ax and particu- 
larly behave as if determined by some relatively simple fact 
of organization The presumption is encouraged that a determinate 
physical basis exists of which they are expressions They refer 
respectively to the total number of excitation elements, given by 
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I, and to the frequency distribution of the log I thresholds 


The resistance of to experimental conditions, shown in its 

constancy with respect to area, temperature, and fractional light 
time in the flash cycle, is greater than that of which (although 
independent of temperature) is in simple proportion to the percentage 
dark tune m the flash cycle It is, of course, probable that the 
proportionahtv factor in this relationship would also prove to be 
a specific charactenstic Conditions might easily be conceived in 
which the value of (for a given ratio /lAd) could be modified 
by circumstances affecting the excitability cycle of each irritable 
element, this is in Ime with the explanation'* for the direct propor 
tionahty of to tn/itL + In) Hence the genetic behavior 
of F„„ nught well be expected to be less simple than that of 
The same applies to the absassa of inflection, t' or log I The 
dependence of t' upon temperature and iL/fa is simple, and of such 
a sort as to show that conditions proportionately affecting the ex 
atabihties of all the elements in the same way naturally shift the 
r — log / curve to a new position on the log I scale, without changing 
F„„ Any number of circumstances mvolving the chemical 
control of the mdividual exatabihties, or even conditions modifying 
the mete optical transmission of the ocular mechanism, could be ex- 
pected to modify t' The question as to whether the temperature 
characteristics for the shift of r' are specific, and hentable,*' presents 
another aspect of this matter which will ultimately require investiga 
tion, but concerning which we have as yet no information, the cor 
respondmg question as to the quantitative dependence of t' upon 
Il/Id is likemse unexplored 

In developing an mterpretive theory of the flicker response contour 
there are to be recognized two distmct aspects 

(o) The proof that the shape of the curve is dependent upon the 
constitutional organization of the animal is supplied by the facts 
of reproducibility under fixed conditions, differences with different 
types of animals, mvariance under alteration of environmental 
factors, and particularly its behavior in inhentance This provides 
the conditions under which it becomes possible to undertake a de- 


' Tor an analogous instance cj Pmeus G J Gen Physiol 1930-31, 14, 421 



470 


FLICKER CONTOURS FOR FISHES II 


termination of the properties of the curve as revealed by the relations 
of these properties to experimentally controllable variables 

(b) It does not select for us the particular analytical function 
most appropriate for the data It does, however, supply explicit 
criteria which the chosen function must satisfy The results of this 
first experiment, as we indicated, were surprising — since no definite, 
particular expectations of simplicity m the result could have been 
reasonably entertained A second experiment of this type was 
therefore planned, under somewhat simpler conditions The Fi 
progeny of a cross between Xtphophorus and PlalypocaUns was to 
be examined, and the FiS interbred We sought to utilize if possible 
species of X and P different from those involved in the earlier test 
For assistance m obtaining stocks of the desired animals we are 
under obligation to our associate Dr C P Haskins This paper is 
based on the data secured with X , P , and their Fi offspring The 
results with Fz will be considered m a subsequent report 

II 

The observational procedure used has been kept as uniform as 
possible Groups of individuals are well adapted to routine condi- 
tions of feeding and experimental handling Where possible a lot 
of 10 IS employed In certain cases a smaller set must be used as 
no more fishes of that particular type are available Records are 
kept for each individual separately Three successive observations 
of critical illumination are made on each individual, at each flash 
frequency The individual means (/i) of these sets of three are 
averaged for the group, and this appears as m the tables This 
IS done only if analysis of the data shows that the individuals in a 
group are equivalent The reasons for this averaging have been 
considered previously,^® and the tests for equivalence (homogeneity) 
The readings of critical illumination are amply sensitive to detect 
real individual differences even when these are quite small " The 
succession of the levels of F tested is so arranged as to reveal drifts 
of Im with time during the completion of a curve, should these occur 

« J Gen Physiol , 1936-37, 20, 363, 393, 1937-38, 21, 223, 1938-39, 22, 311 
J Exp Zool , 1939, in press 



W J CROZIER AND ERNST WOLT 


471 


The -ipparatus has been described ** Temperature was mamtamed 
at 21 5° The flash cycle used had equally long intervals of hght 
and no hght 

The data on A monlcztma are given m Table I It is apparent 
from comparison with the measurements with X Iicllcn^^ at the same 
flash frequencies that the agreement between the results with these 


TABLE I 

Showing the essential similanty of the flicker response contours for two species 
of Xiphophorm Mean critical intensities with the P E ’s of their dispersions 
(milhlamberts) Temperature 21 5 C flash cycle with equallv long light and 
dark intervals The data on \ hcllcrt are taken from Crozier, Wolf and Zerrahn 
Wolf J Gm Pkysiol , 1937-38 21,25 only data at the indicated flash frequencies 
are repeated here the complete set of measurements is given in Fig 1 (together 
with data on albino individuals*) There is no significant difference between 
the measurements for A monle'uma and A helkn Three observations on each 
of the same 10 individuals m all cases 


Fpet lec 

Xipktphantt 

XiphphfniskeiUn 


log PR 1 /, 

leg In 

leg T£.xl^ 

3 

6^628 

7 0030 

6 3420 

1 0969 

6 

6 3364 

1 M04 

3 3721 

7 9653 




5 2826 

7 7148 




5 3539 

7 8341 

g 

3 2393 

3 7749 

3 2469 

5 8295 




3 2378 

5 8374 

18 

2 8660 

3 4494 

2 8918 

3 2650 

26 

1 4839 

} 1501 

1 4708 

3 9719 




1 4598 

3 9677 

36 

0 1772 

2 7693 

0 1520 

2 9002 

12 

1 3105 

1 7176 

1 3057 

1 5398 




1 2785 

1 5864 


two superficially quite diflferent animals is remarkably dose We 
have already shown*^ that albino mutants of A hcllcrt give figures 
not distmguishably different from those gotten with the wild type 
A hcllcrt The determmations with the three forms of Xtphophorus 
are plotted together in Fig 1 

® Free Nat Acad Sc , 1938, 24, 22i 
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Fig 1 Mean critical intensities as a function of flash frequency (f° = 21 S, /jr = Iq) for (X ) Several types of Xtpho- 
phorus = X montezuma, O = X hellert, with duplicating points as Cf) for which data are given in Table I, and Q. = 
helleri var albind^'^, P = several types of Plalypoecih^cs (Table II, O = P macnlatiis, Q. = P vanatiis), H", Pi hybnds 
from X montezuma X P varialus, data in Table III 
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Similar agreement of measurements with five different forms of 
Plaiypoccthus — mcludmg one speaes hvbnd — is shown m Table H 
(Fig 1) 

These data agree with those previously secured” in showing the 
essential mvanance of the flicker response contour under fixed con 
ditions of temperature and light time fraction, over a considerable 
interval of time, for each of the generic types The difference be- 
tween the two curves, on the other hand, is striking and complex 
(</ Fig 1) The variahon of h follows the usual rule for verte 

TABLE n 

Showuig the essential quantitative agreement between the flicker response 
contours for various forms of Phtypocctluts P macntaUis nigra (10 mdmduals) 
P vanatus (red tail) (3 mdmduals), P v nigra (2 individuals) P v rubra (2 
individuals) P v , gold (5 individuals) bybnds (2 individuals) between P rorialiw 
rubra and P maculatus Three observations on each individual at all points 
Temperature 21 5 C , flash cycle with SO per cent hght time The vanation 
mdices ate plotted in Fig 2 


F persec 

R«d un 

F Mriafu 
log /n 

F » Hf|f« 
log/. 

P t tuhi 
iog/. 

Cold pUty ! 
F tana/xj 
log /. 

HybildsF t rti&ra 
X F iwtttdtxi 
log Im 

3 

6 3683 



6 3766 

6 3692 

6 

S 2430 

3 2480 

3 2721 

3.2290 

3 2634 


(5 2725) 





9 

1 3626 

1 3535 

1 3699 

1 i 3696 

i 3670 


(1 3608) 



1 


15 

1 8380 



1 8846 

i 9136 

25 

0 3002 



1 0 2833 

i 3107 

35 

0 6601 



1 0 6644 

0 6816 

45 1 

1 7327 



1 7276 

1 7682 


brates with duplex flicker contours, in that P E i, is directly proper 
tionaV to Tm but beyond a certam intensity the proporUonahty con 
slant changes " This seems to be due to the complete droppmg out 
of effects due to the rod population of elements above this partic 
ular mtensity * Tor these genera the break in the variation func- 
tion (Fig 2) is at comparatively high flash intensity (ca antilog 0 5), 
so that only a small part of the data fall above this level The mean 

'J Gen Physiol 1935-36, 19, 503 1936-37, 20,211 1937-38 21,17,203 
J Exp Zool , 1939 in press 
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variation with P is somewhat, and significantly, lower than with 
at the same level of — for the intensities below antilog 0 5 

in the ratio of 1 1 41 Analyses of the X and P duplex curves have 
already been given in some detail By extrapolation of the cone 
curve toward A = 0 it is found that the “bump” on the nearly hon- 

TABLE m 

Mean critical intensities for response to visual flicker, with the P E of their 
dispersions (milhlamberts) at various flash cycles for Fi hybrids between X vton- 
Iczinna and P varialus, three observations on each of the same 3 individuals at all 
points Temperature 21 S°C , flash cycle with 50 per cent light time Sec 
Figs 1 and 2 


F 

log/m 

JogP E j/, 

1 

7 9661 

8 2335 

2 

6 4140 

8 3892 

3 

6 7643 

8 8189 


6 7487 

8 3705 


6 9634 

8 8235 

4 

6 1348 

7 4622 

5 

6 8390 

7 3373 

6 

4 6544 

6 8235 

7 

3 1708 

5 4355 

8 

3 7273 

4 2953 

9 

2 2730 

4 8475 

10 

2 7118 

3 0759 

12 

i 1706 

3 8098 

15 

i 3993 

3 5833 

20 

i 6701 

2 0795 

25 

1 9880 

2 5750 


0 0020 

3 9943 

30 

0 2696 

2 9016 

35 

0 6767 

2 6062 


0 6761 

2 9928 

40 

1 2370 

i 0430 

42 

1 6761 

i 7760 

43 

2 2063 

0 2100 


zontal intermediate portion of the curve (c/ Fig 1) coincides with 
the start of the cone curve For this extrapolation a log logistic 
may be used,” but a probability integral” is better Cases m which 
the whole course of the curve may be followed for a single uncompli- 
cated population of sensory effects® permit a decision between these 
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two equations The greater separation of duplicate estimations of 
log J« m the region of begmning of the cone curve as compared with 



Fig 2 The relation between dispersions of the measurements of critical 
intensity and the means, for Plalypoecihus (P ), O — P maculatiis • » P vart 
otus,Xiphophoru5 (A ), O “ X helUrt # » A moutezuma and the Fj hybrids 
{B) Data in Table I 

other regions of the curve*® is again confirmed by the new measure 
ments 
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Three Fi hybrids {B") between X montezuma and P vanalus 
were used They were entirely equivalent Observations were 
obtained at nineteen flash frequencies The data are summarized in 
Table III (see Fig 1) The variation data (Fig 2) show mean values 
of P E 1 ,, a little lower than for X and F , but this is probably a 
simple consequence of the smaller number of individuals (3) and of 



Fig 3 The variation of /j follows the same rules for the Fj hybrids and for a 
set of the same number of individuals (three) of X Mien var albino See text 

readings (9) at each point The vanation data for U" indeed agree 
precisely with those from X hellen var alb where the same numbers 
were used (Fig 3) 

The behavior of these fishes exhibits certain minor differences 
with respect to the elicitation of the index response X inonleznma, 
like hellen, is very active and is liable to disturbance by vibrations 
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The response to flicker consists in the beginning of swimming in the 
direction of motion of the revolving stripes This may be quicUy 
stopped so that the fidi is quite stationary but with rapid fin undula 
tions Males espcaally may also show a quick shaking (rolhng) 
motion at the threshold of the response The reactions used are 
only really dear when the fish is near the w all of the container and 
headed in the direction of revolution of the stripes These conditions 
sometimes must be patiently waited for At low F's (below 10) 
the response is as dear as the movement of a galvanometer needle 
With higher F’s the tendency to ngidity is more pronounced In 
these matters the hybrids resemble X , and not P (cf footnote 18), 
but the shaking movements ate less in evidence 

m 

The data of Tables I, II, and III, are plotted in Tig 1 Analysis 
of the H" curve by the method abeady used with other forms'® 
exhibits (Fig 4) the dissection of the duplex graph into a lower por- 
tion (rod) and an upper (cone) part with a region of overlap in which 
the effectiveness of the tod contribution progressively dechnes 
The dissection is made by extrapolation of the probability integral 
adjusted to the upper portion of the H” data in Fig 1 The declm- 
mg rod curve is obtained by difference The reasons for treating 
r as additive have been considered previously ‘ 

The uncomplicated cone portions of the flicker contour for X and 
B” are given upon a probability grid in Fig 5 The data upon 
the backetoss hvbnd H' of X hellen and F mactilalus previously 
studied "® are also included A satisfactory fit is ofatamed by finding 
the value of r„„ which makes the graph (Fig S) rectilinear For 
H' and X , is essentially identical, respectively 43 00 and 
43 OS/sec For H" a slightly higher value is required, 43 34 But 
the slope is the same for all three This of course means that the 
cone is identical It was shown previouslj'* that for P r„„ 
IS of course much higher and much less 

The abscissa of inflection for H' and B" is intermediate between 
those for X and P , that for B" less (7= 0 576) than for B' (7, = 
0 832) 


“7 Gen Physiol 1936-37 20,411 
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It has been pointed out that could well be influenced by- 
factors tending to increase the effective size of the population of 
sensory elements X monieztmia is larger than either X hellen 
or the hybrids, but there are no differences in any of the fishes we 
have tested to be correlated with individual differences of size The 
effect IS probably of a more subtle sort, like that induced by a slight 
shortening of the hght time interval, as already suggested (section I) 
The agreements of are definite and stnkmg They must be 
taken as evidence for the dominance of X type of cone population 
over that seen m P The shift of t', different in the two kinds of 
hybnds considered, is exactly of the sort produced by a lowenng 



Fig 4 Analytical dissection of the duplex flicker contour for E'' by extrapola- 
tion of the probability integral which describes the upper segment of the graph 
(Figs 1 and 5) See text 


of the temperature “ It clearly corresponds to the effect predictable 
if in the hybrids the effective concentration of material governing 
excitabihty were to be reduced, so that with temperature fixed the 
rate of chemical transformations for which it is responsible is lowered 
— therefore a higher intensity of light is required for response at a 
fixed F (The reasons leading to this type of interpretation have 
been gone into at some length in other connections^® and do not re- 
quire restatement here) The effect cannot be interpreted as due 


2®/ Gen F/iyswl , 1938-39, 22, 311, 487 
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to a difference in the transparency of the optic media, since the shift 
for rod and cone segments is not the same (No ms movements are 
involved either ) It would he expected on this basis, that the tern 
perature charactenstics for the cone curves X , H', and U” should 



Fig S The upper segments of the flicker contours for Xtphophorus and two 
kmds of Its hvbnds with Plaiypoecxlius on a probability gnd The slopes are 
identical (t c , gi is the same) The curves are computed to maxima 43 05 
(A), 43 34 (H"), and 43 00(H) 

be the same, although this might be dif&cult to establish if two tern 
perature charactenstics are exhibited over the explorable range of 
temperatures * The r61e of such considerations in suggesting ex 
penmental tests of the mechanism invoked to account for the phenom 
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ena connected with critical temperatures^® is not to be lost sight of, 
and may easily prove to be quite important 
The outcome of the analysis, as regards the cone section of the 
graph, IS to make it fairly evident that slight, quantitative modifica- 
tions, expressed through the activity of essentially the same kind 
of population of sensitive elements, with the same type of physico- 
chemical architecture, must be conceived to determine the form of the 
upper (cone) segment of the flicker response contour in Xtphophorns 
and in its hybrids with Platypoecthtis The shape of the curve 
provides an elementary instance of classical hereditary dominance 
It IS obvious that from the standpoint customanly used in the ma- 
jority of genetic analyses this phenomenon could not be recognized 
(c/ also footnote 27) It is also clear that with respect to the same 
kind of organic performance two quite different sorts of hereditary 
influence are simultaneously manifest r' supplies an example of 
“blending,” a'logi of simple dominance This serves as another*'' 
instance of the way in which situations may be totally obscured 
in the absence of knowledge of the entire course of the performance 
contour The case becomes even more curious and illuminating 
when the lower (rod) part of the curve is carefully examined 
For E' it was shown that in the rod region r' is also intermediate 
between that for X and for P This is likewise true for H" (Fig 6) 
F„ax (rods) for W was, however, equivalent to that for P although 
was that of X With H" it is apparent that is exactly 
intermediate between those for X and for P , but is identical 
with that for P (Fig 6) 

The fuller interpretation of these facts depends in great measure 
on the outcome of tests made with Fz and backcross stocks which 
(with certain limitations due to the genetic nature of generic crosses) 
should give evidence as to possible segregation phenomena This 
information we expect to be able to provide in the near future It 
IS made reasonably evident, however, that there are indeed involved 
in the flicker contour the properties of two distinct groups (popula- 
tions) of sensory effects 2® Whether these two are to be properly 
correlated in a direct way with the attributes of retinal rods and cones 

27 Cf J Gen Physiol , 1936 - 37 , 20 , 111 
Proc Nal Acad Sc, 1938 , 24 , 125 J Gen Physiol, 1937 - 38 , 21 , 17 
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IS a question beset with perplexities of a kind usually overlooked, 
and upon which we need not for present purposes elaborate The 
two groups of effects are manifestly governed by different processes, 
since their determinants do not obey the same rules in inhentance 
This IS perfectly consistent with the fact that the relations of the 
rod and cone segments to temperature are not quite the same, m the 
one case thus far investigated, * the fact that the temperature charac- 
teristics ^ and the effects of supranormal temperatures^® are the same 
for both merely shows that the character of the essential physico 



Fig 6 The initial nsing segment of the flicker response contour for the A 
hybrids {U") produced by A X -P has the slope constant {o‘i , /) of P the cross 
bred progeny B' produced in another t 3 rpe of experiment have a\ ,/ equivalent 
to that for A The respective values of F» are A 7 7 P 5 3 , Z7', 5 3 , 
B' 6 45 See text The lines for X P and B' are taken from the analyses 
previously published 

chemical organization in the two sets of elements is the same,’^ 
it does not imply that the amounts of governing substances m the 
excitability systems of the two sets are identical The differences 

® 3 Gm Physiol , 1938-39 22, 487 
J Exp Zool , 1939 m press 

Also shown by the fact that m the same species the proportionality constants 
for enlargement of the cone and rod segments of the curve as the light time frac 
tion m the flash cycle IS increased, are identical J Gen PAyjipJ , 1937-38,21, 313 
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in the behavior of rod and cone sections of the curve with respect 
to dominance relations, as in H" for one follows P and the 
other the X parent, complement the state of affairs in E', where 
each adheres to the X type, and rounds out the proof that the hered- 
itar}^ determination of the rod section is independent of that for 
the cone part 


IV 

The curve obtained by subtraction of the backward extrapolation 
of the cone probability integral from the composite flicker contour 
yields the difference curve'® held to depict the way in which the drop- 
ping out of the rod contribution depends upon intensity as the ex- 
citation of the cone population increases Fig 6 has given this curve 
for E" The statistical conception of the excitation elements re- 
quired for the anal3''sis®® suggests that this curve should also be 
described by a probability mtegral This has been demonstrated in 
various instances “ Fig 7 show's that the same principle applies for 
the data on E" 

There are several ways m which the causation of this declining 
rod contribution could be mterpreted It could be considered as 
an mtrmsic property of the rod population of neural effects In 
this case it might be reasonable to expect that if the cone popula- 
tion could be in some manner obliterated or suppressed the dechnmg 
rod curve could then be directly determined by experiment The 
measurement of the flicker contour for a nocturnal animal (gecko) 
possessing onl}' rods®® definitely shows that retinal rods are not neces- 
sarily restncted to low intensity functionmg For human subjects 
the evidence from day-blind, color-blind subjects®' is, of course, de- 
fective, as one does not know except by circular argument that the 
retina there possesses only rods — or that if it does these are the 
equivalents of the rods in a normal retina (in fact, the logic of the 
situation suggests that, if the argument concerned be accepted, they 
cannot be such equivalents) 

®®Proc Nat Acad Sc, 1936, 22, 412 J Gen Physiol, 1937-38, 21, 17, etc 

^^Proc Nat Acad Sc, 1938,24, 538 / Gen Physiol, 1938-39, 22, m press 

®' Hecht, S , Shlaer, S , Smith, E L , Haig, C , and Peskm, J C , 1938, 
Am J Physiol , 123, 94 
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Another possibihty is that, in the duplex flicker curve, the exatation 
ol cone elements neurally inhibits the influence ol rod units This 
can be indirectly tested by examining the morphology of the declining 
rod curve as it is deduced for various ammals in ■which the relative 
magnitudes, positions, and shapes of the tod and cone segments of 
the duplex flicker contour are diversely differentiated Tlie sug 
gestive fact is brought out by such an examination that the more 
sharply the cone curve nses, the more abruptly does the rod contri 



Fig 7 Curves taken to measure the dropping out ol rod contributions with 
increase of F are obtained by the method of dissection illustrated in Fig 4 They 
adhere to probabihty integrals The points for U" are read from the curve in 
Fig 4 Discussed in the text 

bution decline’* If the location of the declining rod curve, most 
easily estimated by its log I of inflection, moreover is more exten 
sively removed from the nsing branch of the rod curve the wider 
the separation of t' for rods from that for cones,’* and its rate of 
decline is therewith found lessened These relations arc only slightly 
obscured by the presence of relatively enlarged rod populations 
The present data supply a rather significant test of this view, in 
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a fairh homogeneous group of cases As Fig 7 shows, for 
-Y and for P are quite different The declining rod curv^e for A' falls 
off much more stecph*, and at the same rate as for H' The P cone 
cur\ e rises more rapidly, but its rod population is smaller and more 
nideh renio\ed from the cone population The B' rod curv^e is 
like the A' in shape, and the B' rod and cone cur\’’es are shifted (as 
compared with A’ ) b} about the same extent on the log I a-ns With 
B", ho^^ever, we find a rate of decline of the rod contnbution which 
IS much higher than for A' and B ' In correlation ^\^th this, it is 
to be noticed that with B" r' for cones is less wideh removed from 
that for rods than is true with A' or B' , or than in P , while the rod 
population IS smaller than in A" The data are therefore consistent 
and suggest prett}* plainh' that if b}' some means the cone effects 
could be suppressed we vould find no dropping out of the rod 
contnbution (c/* footnote 34), the pure rod curve of the gecko^’ 
shows no dechne o\er the whole range of intensities open to test 
It IS to be noted that these indications are entire!} consonant with 
the conception that the quantitative properties of Msual data, and 
specifically the data of flicker, are not determined b} properties of 
the retma but measure on the contrar}’ properties of central nervous 
events 


■V 

SIBEHARY 

The flicker response contour has been determined for se\eral 
speaes and tApes of the teleosts Xiphophorus (X ) and PJaiypoccihus 
(P ) imder the same conditions The curve {F t's log /„) is the same 
for representatives of each generic t}'pe, but is different for the two 
genera Its duplex nature is analyzable in each mstance b}'^ applica- 
tion of the probabihty integral equation to the rod and cone constit- 
uent parts The parameters of this function pronde rational 
measures of mvanant properties of the cun*es, which have specific 
values according to the genetic constitution of the animal The 
Fi h} bnds {B") of A" moniezuma X P vanaUis show dominance 
of the A' properties with respect to cone Pnai and but an 

intermediate value of the abscissa of inflection (r') The rod seg- 
ment shows dominance of from P , but an intermediate value 
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of F„ax and of t' The composite Bicker curve involves the opera 
tion of two distinct assemblages of exatable elements, difienng quan 
titatively but not quahtatively in physicochemical organization, 
probably only secondanly related to the histological differentiation 
of rods and cones because almost certamlj of central nervous locus, 
but following different rules in hereditarv determmation, and there 
fore necessarily different in physical organization The interpre- 
tation of the diverse behavior of the three parameters of the proba 
bility summation is discussed, particularly m relation to the physical 
significance of these parameters as revealed by their quantitative 
relations to temperature, retinal area, and light time fraction in the 
flash cycle, and to their mterrelations in producing the dechne of 
rod effects at higher intensities 

It IS stressed that in general the properties of the parameters 
of a chosen interpretive analytical function must be shown expen 
mentally to possess the physical properties implied by the equation 
selected before the equation can be regarded as descnbmg those 
mvanant properties of the organic system concerned upon which 
alone can deduction of the nature of the system proceed The im 
portance of genetic procedures in furthenng demonstration that the 
biological performance considered in any particular case exhibits 
constitutionalU invariant features provides a potentially powerful 
instrument m such rational analysis 
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I 

The curve (band) depicting the interdependence of flash illumina- 
tion I and flash frequency F critical for response to visual flicker is 
shifted in the direction of lower intensities when the temperature of 
the anunal is raised ' Measurements with the insect Anax (larva)’ 
and the turtle Pseudemys,' which exhibit the activity of only one 
homogeneous population of nervous elements concerned in deter- 
mming the reaction to the threshold of flicker, show that the maximum 
value of r and the shape of the log I — F curve are mdependent of 
temperature Only the position of the curve along the log I axis is 
altered , this is also essentially true in the data from forms (arthropods) 
for which a structural factor, namely the convexity of the retinal 
surface,* mechamcally mtroduces a distortion of the fundamentally 
simple character of the curve 

The same invanance of shape and F„ , when temperature is 
changed is apparent m data obtained with sunfish’ and with F undulus ® 
These exhibit the typical vertebrate condition of a duplex curve for 
log I vs F Here each of the two parts of the fheker response con 
tour — commonly related to the functionmg of retinal rods and cones, 

tj Gen PAysioI,1936-37,20, 393, 411 1938-39,22,311 Pros Bat Acad 
Sc 1938 24, 216, 1939, 26, 78 

Cell Physiol 1935-37,20,393 1937-38,21,223 
‘Proc Bat Acad Sc 1938, 24, 125 J Gen Physiol 1938-39 22,311 
'J Gen Physiol 1937-38,21,223,463,1938-39,22, 451 
Gen Physiol 1936-37 20,411 

® J Gen Physiol 1938-39, m press J Exp Zool , 1939 in press 
487 
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respectively— retains its value of F„ax and of the shape constant in- 
dependent of change in temperature The Fundtdus curve is impor- 
tant because of the large and prominent ‘'rod’’ contribution 
The significance of these facts for the theory of the flicker response 
contour has been discussed previously ^ The F — log / curve is 
essentially a probability integral The elements of efl^ect contributing 
to the summation of total effect proportional to F are elements of 
which the excitability fluctuates from moment to moment At any 
instant the excitability of a given element is measured by the reciprocal 
of Its exciting intensity This view is consistent with the results of 
altering the area of a retinal surface® if it be correct that properties 
of a simple chemical system govern the slope of the curve for 1/7 as 
a function of temperature This dependence is such that, for fre- 
quencies of heart beat, breathing movements, and the hke, presumed 
to be dependent on and to measure the potential of a pacemaking 
process, the relative variation is independent of temperature when the 
apparent critical increment (temperature charactenstic) is constant 
Over the range of F which concerns us in the present experiments, 
a i/I is constant, and so therefore is a {\/i)/{l/I), as will be pomted 
out, the ratio is independent of temperature 

The use of a particular analytical function, such as a probabihty 
integral, for the description of the flicker response contour could not 
be really justified by any mere processes of curve fitting, even if ap- 
propriate cnteria could be found The same restriction, of course, 
applies to the use of any other curve The known properties of the 
measured variation of the critical intensity implicit m the data make 
classical criteria of curve fitting arbitrary ® Justification must be 
provided tlirough and by means of tests which demonstrate that the 
parameters of the proposed function have the necessary physical 
properties, as well as that their number is necessary and sufficient 
The probability integral, describing the data with adequate statistical 
fidelity, contains three “constants” (parameters) the ordinate of the 
upper asymptote {F„ax), the abscissa of its inflection point (log 

’ Froc Nal Acad Sc , 1937 , 23 , 71 J Geu Physiol , 1936 - 37 , 20 , 411 , 1937 - 38 , 
21 , 313 , 1938 - 39 , 22 , 311 Froc Nat Acad Sc , 1938 , 24 , 125 
®/ Gen Physiol, 1937 - 38 , 21 , 223 
9 J Gen Physiol , 1937 - 38 , 21 , 313 , 463 
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I inji ) , awd ttve stodaid deviation oi the summed ttequency distnhu 
tion (ff i«,r) Tests made by altermg temperature, retinal area, and 
percentage light time m the flash cycle' show clearly that these 
parameters can be separately controlled, and that (so far as present 
evidence extends)" these particular three parameters are sufficient 
as well as necessary A rigorous test of the biological reality of a 
physical basis for these parameters is availahle by way of genetic 
expenments, cross breeding experiments show' that they can behave 
as specific genetic entities 

To learn somethmg about the mechamsm govenung the exatabihty 
we may mvestigate quantitatively the way m which the abscissa of 
the inflection (log pomt of the curve depends upon the tempera- 
ture This parameter is the abscissa of the mode (median) of the 
frequency distnbution of the log / thresholds of the population of 
sensory effects Since the form of the f — log / curve does not change 
with alteration of temperature, nor the upper asymptote, the same 
kmd of information can be obtamed from the behavior of the critical 
lUummation at any fixed level of F With elevation of temperature 
the frequency distribution, t c dF/d log / as a function of log I, is 
merely moved to a lower position on the log I axis The extent of this 
shift, for a given change of temperature, is the same for both sections 
of the curve, smce their shape constants do not change 

The origin of the log form of the function may be explamed in 
several ways We may take it for granted that at any instant the 
frequency distnbution of mean mdividual excitabihties (l//i) would 
be normal, since obviously a large number of elements is involved 
Reaction, at a fixed (low) F would then require the production of a 
certain summed quantity of exatation (proportional to F) But the 
excitation process occupies a firate time mterval, and withm this 
penod the individual exatabilities fluctuate at random The as 
sumption to be made is that for very low intensities, effect (= kF) 
and I will be directly proportional, a small increase of effect to be 

'» / Gen Fhyxiol 1937 38 21, 313, 463 

" J Cm Physiol , 1935-36 20, 503 Free Nat Acad Sc , 1936 22, 412 

' / Gen Physiol , 1936-37, 21, 17 1938-39, 22, 463 Free Nat Acad Sc 
1938, 24, 221 
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obtained will be directly proportional to the increase of intensity, 
but inversely proportional to the intensity level 

dE = kdE = 


so that we will have to deal, not with a frequency distribution of <f7, 
but of dill and thus of d log I This is required by the fact of the 
“saturation’' of the T - 7 curve, and holds equally well if dE is taken 

as proportional to the excitability d(l/7), since J 

{i c , the direction of the scale is merely reversed) 

In another way, if under a given intensity 7 the occurrence of effect- 
contributions from an element follows a Poisson distribution, for 
which there is experimental evidence, the log frequency distribution 
IS derived directly 

Essentially the same argument applies to other dynamically similar 
situations, as in strength-duration data for excitation of nerve” 
In that case lowering the temperature also raises the abscissa (log t) 
of the inflection point of the curve (1/C vs log t) but in addition raises 
the maximum e , decreases the rheobase) because a larger number of 
elements of excitation is made available in the longer critical time, 
the shape of the curve, measured by a'logt with 1/C on a percentage 
scale, IS unchanged 


II 

The quantitative dependence of the shift of the F — log 7 curve on 
change of temperature should provide evidence as to the nature of the 
control of excitability For Psendemys the relationship is of a Lind 
frequently encountered m biological systems,® 1/7^ for a fixed F 
follows the Arrhenius equation, with m = 27,000 calories below 30° 
and n = 12,000 above 30° These values of the temperature charac- 
teristic and of the critical temperature are often found With En- 
neacanihus (sunfish), however,® observations at three temperatures 
(12 4°, 21 5°, 27 3°) gave on an Arrhenius grid (log l/7« vs 1/Tabs) 
a plot convex upward instead of rectilinear Such instances are 
unusual, and led us to conclude® that the flicker response phenomenon 

“C/ Proc Nal Acad Sc, 1937, 23, 71 J Gen Physiol, 1937-33, 21, 223 
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IS too complex to provide significant data for description in this waj 
This could not be entirely due to the presence of both rod and cone 
contnbutions to the flicker curve, since somewhat similar comphea 
tions appeared m the case of the dragonfly Anax (nymphs) The 
behavior of the flicker response contour for the sunfish was therefore 
reinvestigated, since with the occurrence of an intermediate cntical 
temperature'* observations at a number of closely spaced points are 
neccssar> to dcade if a change of temperature charsctenstic is in- 
volved Instances in which the apparent cntical increment is greater 
over the range above a cntical temperature are comparatively rare, 
but arc not unknown “ Such a situation would account for certam 
features of the onginal data on the sunfish ’ It should also be possible 
to determine if the shift of the rod portion is really of the same kind 
as for the cone part of the curv e This point has a certain theoretical 
importance '* It turns out that the detailed study of the reactions of 
the sunfish docs make it clearer whv the mitial observations were 
incompetent to deade this matter 

The esperimeatal conditions were the same as those discussed in some detail 
m our eathet papers * So also were the method ol obtaining the measurements 
and the procedure for calculation of the results In the present lot of Emeacan 
thuSt as in several earher senes there is no evidence of persisting individualities 
among the several fishes used throughout the sets ot measurements The relative 
rank orders of reactivity are randomly distributed, and show no correlations m 
successive sets of readings The methods of work arc sensitive enough to reveal 
rather delicate dillcrcnccs of this kind, m lots of other organisms when they do 
occur '* This provides an essentially objecuve control on the methods of observa 
tion The present data are demonstrably homogeneous by this test The rela 
lion of the scatter of the aitical intensities to the mean intensity is precisely 
that found in the earher senes T E ly^ is dirccUy proportional to Im the proper 
tionality constant is not demonstrably different from that found in the earlier 
series (Eig 1) The different temperatures were used in a completely random 
order Observations on any one day were at F «» 4 and F ~ 25 at the same 


“C/ J Cm FliyneI,19Z4-25,7,l23, 189, 1925-26,9, 525, elc 
Cm Wyiid , 1930-31, 14, 421 
'* J Cm Ffjyjiel , 1928-39, m press 

"J Cm Phyml 1935-36 19, 495, 1936-37, 20, 211, 411, 1937-3S, 21, 313 
Free Nal Acai Sc , 1938 24, 221 

Cm FAyrtof , 1936-37, 20, 363 393, 1938-39, in press 
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temperature Repetition of readings at a particular temperature, after some 
days’ use at other temperatures, shows unexceptionably close agreement There 
IS a distinct suggestion that on any one day the two sets of readings (at R = 4, 
F = 25) may tend to depart slightly in the same direction, so that both may be 
"too high" or “too low” by comparison with the others This could perhaps be 
due in part to slight errors m temperature adjustment, but there is probably 
involved as well a real day-to-day fluctuation in the whole lot of fishes Values 
obtained several years ago, with of course a different lot of individuals, uniformly 
show a slightly higher value of at F = 4 The difference is not really signifi- 



Fig 1 P E ijj is directly proportional to Im (i e , the slope of the log vs log 
plot = 1), independently of the temperature Data in Table I (new deter- 
minations only) 

cant, however The variability of Ij, the mean critical intensity for reaction, 
tends to be a little higher for our earliest senes ^ These data are given for com- 
parison in Table I 

The two most extensive departures (at R = 4, 21 5° and at R = 25, 23 9°, 
see Table I and Figs 2 and 3) occur at points for which an extremely small dif- 
ference in the adjustment of the diaphragm controlling the intensity of illumination 
(cf footnote 1) has a large influence upon the recorded intensity, owing to the 
slope of the calibration curve, a difference of 0 3 mm in the diaphragm opening 
would obliterate the departures, and this is actually less than the difference 
between mean values in duplicate sets of 3 X 10 readings These departures are 
therefore not significant 
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Data were obtained at two flash frequencies, T = 4 per sec and 
r = 25 per sec , with a light time proportion of 50 per cent (i c , 
II = < d ), at f° = 21 5 These two flash frequencies were chosen so as 
to fall within the exclusively rod and the exclusively cone parts of the 


TABLE I 

Mean critical flash intensities for response to flicker, at two flash frequencies 
(F « 4, r « 25), as a function of temperature, for the sunfish Enitcacanlhus 
•taken from earlier measurements 30 measurements at each point (3 on each of 
the same 10 mdividuals) I in milhlamberts, P E ij, is the P E of the disper 
Sion, computed as desenhed in the text T is m flashes per sec , the flash cyele 
has equal light time and dark time (fa “ fn) See Figs 2 and 3 
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25 5 
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3 7317 

27 2 
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27 3 

7 9708* 

8 5705 

1 3609* 
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29 0 

7 9064 

8 1923 

i 2882 
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duplex flicker response contour for Entteacmithus ‘ The results are 
given in Tig 2, and m Table I The evidence for absence of change 
of and of shape of curve when the temperature is altered is fairly 
conclusive ’ ‘ We may therefore accept the change of 7„ at fixed 
r as a legitimate index of the shift of the whole function 
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Fig 2 makes it clear that the behavior of the excitability (l//„) 
as a function of temperature is somewhat unusual There is a critical 
temperature near 20°C , and above this the temperature characteristic 
IS greater than at lower temperatures There is also a distinct, sig- 
nificant difference in the data for F = 4 and F = 25 The important 



Fig 2 The rectilinear dependence of log !//„ (at fixed F) on ]./Tah, gives 
essentially the same slopes for Fi and F25, observations from older series of observa- 
tions are indicated by tags (see text) The dislocation of the two halves of the 
plot for Fi is discussed m the text Data in Table I The departures are not 
significant (see text) 

indication is that the temperature charactenstics for at the two 
flash frequencies are the same, but that for F = 4 there occurs a 
shift of the curve above the critical temperature {ca 20°C ) which is 
not mvolved for the measurements at F = 25 Fig 3 brings this out 
m a simple way If /i is the same for the two series of readmgs at 
F = 4 and F = 25, above 20°, and below, then multiphcation of one 
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of these sets by a constant should, of course, bring the two into co 
incidence— provided the rod and cone curves suffer the same hind of 
change on passmg beyond the cntical temperature Fig 3 shows 



10 20 30 


t°C 

Fig 3 The values of 1//* plotted in Fig 2 are brought together for comparison 
by dividing those at Ft by a constant ( " 23,950), which shows the identity of the 
curves for the upper range of temperatures (>20®C ) and the greater dislocation 
of the Fi measurements at ca 20® The curves are the same as those shown m 
rectilinear form m Fig 2 

that the situation is more involved Above f — 20, n — ca 14,400, 
below this temperature p = co 8,300, this obtains for both F = 4 
and F = 25 , but for F = 4 above t = 20° the whole curve has been 
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moved as a unit toward lower values of l//„ When the values of 
l/7„ for F = 4 have been brought into coincidence with those for 
F = 25, above f = 20, by division of all the values with an appro- 
priate constant, the curve for F = 4, below f = 20, lies to the left 
(Fig 3) 

The recognition of critical temperaturesi'*-!^ has been upon the basis 
of (1) abrupt changes of on either side of certain temperatures, (2) 
abrupt shifts of frequency or rate of biological performance without 
change of /x, at the same temperatures, and (3) the occurrence of com- 
binations of (2) and (3) The argument has been outlined in a recent 
paper!® and need not be recapitulated The reality of the evidence 
in the present data is patent It is of interest that the shift suffered 
by the rod curve at 20° reinforces m an unequivocal way the inter- 
pretation of the Arrhenius graph as composed of two mtersectmg 
straight hues, rather than as a continuous curve with upward con- 
cavity It would be difficult to adjust such a curve to the data for 
F = 25, but cases of this kind are known 2 ® They signify the con- 
current participation of parallel, additive processes having unlike 
temperature characteristics, and are of course by no means inaccessible 
to interpretation ®! The nature of the present data for F = 4 (Figs 
2 and 3) makes it unnecessary to discuss the question here, since the 
“break” identified at ca 20° is obviously real It is curious that a 
previously known instance of this kind'® also involves the rather in- 
frequent ja = 14,400 


rv 

We are concerned with the significance of this evidence m two par- 
ticular respects 

1 It IS clear that the calculation of a temperature coefficient 
(Qio) for two arbitrary temperatures, say t = 17° and t = 20°, could 
show an apparently significant difference for the rod and cone portions 

!®/ Gen Physiol , 1938-39, in press 

2 ® An example is found in Korr’s data (/ Cell and Comp Physiol , 1937, 10, 
461) on the respiration of fertilized sea urchin eggs An analysis has been given 
by one of us in another place 

Cf , eg , Norrish, R G W , and Rideal, E K , 1923, J Chem Soc , 123, 
696, 1689, 3202 
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of the flicker curve It is equally dear that the difference would be 
without meaning or use, and that if it were to be employed as an 
argument for the occurrence of distinct chemical organization of 
events supposed to underlie the determination of the two parts of the 
duplex curve of visual functioning, the resultwould be worse than mis 
leadmg Such an argument would be simply wrong, because it is 
evident that the apparent critical increments for !//„ in the rod and 
cone parts of the curve are the same Thus there is no real basis for 
assuming a qualitative difference in chemical organization to bo re 
fleeted in the events determming the two parts of the duplex flicker 
contour A difference of this sort is imphed in a treatment of the 
data on the sunfish* offered bj Hecht,^ we had already pojnted out* 
that this alternative interpretation seems to be without cogency or 
validity 

2 Although there is from the temperature experiments no evidence 
for difference in the chemical organization of the neural elements 
responsible for the rod and cone portions of the curve for the sunfish, 
there is adequate evidence of the duplexity of the visual function 
The shift of the rod curve on either side of 20° is demonstrably differ 
ent from that for the cone part The flicker curve has been found to 
be essentially a band, defining the limits of F and log / within which 
(under given conditions) there obtams a certain probability (defined 
b> measured af and <r/) that response will be observed The 
values of I„, for a fixed F and Il/Id, with temperature as variant, 
measure the “driving force” required to eventuate the index re 
sponse,! ’ and l/7„ is thus a valid measure of excitability The ele 
ments activated by the driving force of repeated flash intensities, the 
summated effects of which are responsible for response, are presumed 
to be central nervous in location That the two groups of these ele 
ments involved in determining the probabihty of occurrence of the 
index reaction should be assumed to be in some manner connected 
with the duplexity of retinal structure apparent in typical vertebrates 
there is abundant evidence “ That this necessanly supports the view 
that the quantitative properties of visual data, as for example the 

"* Hccht S , J Applied Physics, 1938, 9, IS6 

« Cf Hecht, S Physwl Res 1937, 17, 239 Froc Hal Acad Sc , 1938, 
24, 125 
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data of response to flicker, directly image the properties of retinal 
rods and cones, there is no evidence whatever The facts show that 
in vertebrates such as Enneacanihus there are involved two groups of 
neural elements which are implicated in recognition of visual flicker 
The results of breeding experiments*- show that the parameters of the 
functional expression of these groups of elements can behave in a 
simple, independent manner in inheritance A separate physical 
substratum is therefore to be postulated for each The parameter 
basically concerned in the present experiments is the abscissa of the 
inflection of the F — log / curve Changes m this quantity with 
cliange of temperature measure changes m the mode (median) of 
the frequency distribution of log I thresholds for excitation of ele- 
ments, under conditions otherwise constant There is no reason for 
surprise at finding that the two groups of elements, whether or not to 
be specifically identified with the resultants of rod and cone excitation 
respectively, may be somewhat differently affected by passage through 
and beyond a cntical temperature, smce (as the genehc results show) 
a physically different substratum must be assumed for each of them 
But so far as can be indicated by the evidence of their excitabihty 
temperature characteristics (/i) the physicochemical properties of the 
elements of excitation in the two groups are the same This is en- 
tirely consistent with the somewhat surprising fact that for purely 
cone (turtle) and rod (gecko)-* retinas the F — log I contours have 
almost indistinguishable values of log , of and of intensity 

range 

We are indebted to Dr Gertrud Zerrahn-Wolf for assistance in the 
obser\’’ations and experiments 

SUMMARY 

For the sunfish Enneacanflms the mean value of the critical il- 
lumination for response to visual flicker at constant flash frequency 
(with light time = dark time) is related to temperature by the Ar- 
rhenius equation The temperature characteristic for !//„ is differ- 
ent above and below 20°C In each range (12° to 20°, 20° to 30°) 
the temperature characteristic is the same for rod and cone segments 


2* Data m course of publication 
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of the duplex flicker response contour 8,200 and 14,400 This makes 
It difficult, if not impossible, to consider that the two groups of ele- 
ments ate orgamzed in a significantly different way chemically 
For the presumptively rod coimected elements imphcated in respionse 
to flicker, the curve is markedly discontmuous, so that the high and 
low temperature parts are dislocated, whereas for the cones they are 
not This IS entirely consistent with other (c g , genetic) evidence 
pointmg to their separate physical substrata 
The uncommon exhibition of a higher n over a higher range of 
temperature, previously found, however, in a few cases, together with 
the different relations of rod and cone effects to the critical tempera- 
ture, explain aspects of these data which in earlier mcomplete measure- 
ments* were found to be puzzhng 
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In a former paper^ the accumulation of ammonia* by VaJoma 
tnacropkysa, K.utz , was discussed In the present paper we compare 
the rates, and steady states, m cells exposed to sea water containing 
ammonia in light* (regular succession of daj light and darkness) and 
in the dark At the same time the pH changes have been examined 
by an improved method which avoids the loss of gas from the sap 
The experiments were earned out m Bermuda m the winter of 
1937-38 at the Bermuda Biological Station for Research 

EXPERIMENTAL 

In these experiments the cells were exposed in large jars to the sea water con 
taming ammonia In the dark experiments the glass jars were made dark by 
layers of adhesive tape covered with a thick layer of either black paint or a very 
opaque aluminum paint In some cases however stoneware jars were used 
In all cases the jars were stoppered and were immersed up to their necks m flowing 
salt water from the Biological Station salt water system The temperature 
remamed fairly constant at 17 C 1 C during the course of the experiments 
Analyses for potassium and sodium were each earned out on 0 1 ml samples 
as desenbed m previous papers' except that m place of the Kuhlmann micro 
balance, a Becker semi micro balance was used Weighings were made to 0 02 
mg which m most cases represented a weighing error of less than 0 5 per cent 
This accuracy was quite sufBaent m view of the vanabihty of the material 

The ammonia analyses were earned out by means of Nessler s reagent using 
the method desenbed m the previous paper The quantity of sample varied from 

'Jacques A G andOsterhout W J V Gen P/iynoI , 1930-31, 14, 301 
*To prevent misunderstanding we shall define ammonia as NHj + NHi'*’ + 
NH 4 OH t e , the total amount found by analysis We shall speak of NHj as 
undissociated ammoma 
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2 ml to 0 1 ml , care being taken to operate always on the hnear portion of the 
extinction coefficient-concentration cahbration curve This required m many 
cases dilution of the sample to 104 ml in place of the usual 52 ml 

The volume was determined on selected groups of a few cells beheved to be 
representative of all the cells used in an experiment 

The pH of the sap was determined by a new method It has been noticed 
repeatedly in the past that the pH of the sap rises immediately after extraction 
This seems to be connected in part with the loss of carbon dioxide, and the process 
IS hastened by anything which furnishes nuclei on which the gas bubbles can form 
Metal surfaces faU m this class and mere passage of the sap through a stainless 
steel hypodermic needle, during extraction, is sufficient to change the pH appre- 
ciably In the new method the loss of gas was avoided Tubercuhn syrmges of 
pyrex glass, usually of 0 25 ml capacity, were used These were fitted with 
all-glass needles, and each syrmge had a small pyrex glass bead m it to mix the 
contents after the sap and indicator had been drawn in 

The procedure was as follows With piston pushed m a cell was impaled and 
its sap was forced into the syrmge by squeezing the cell This carried the small 
amount of air in the needle mto the syrmge and also served to wet the barrel and 
piston and to move the piston out The piston was then pushed m, expellmg 
the air and filling the needle with sap, which might, however, have lost some of 
Its gas during its brief exposure to the air Another charge of sap was then forced 
into the sj'rmge pushmg the piston but no air ahead of it This and one more 
charge were used to wash out the syringe and the charge of sap to be tested was 
then forced in The required amount of indicator was then drawn mto the needle 
and was forced mto the barrel by impahng another cell and squeezing the sap 
into the needle The charge of sap and indicator, still free of air bubbles was 
then mixed by means of the glass bead By this procedure we obtamed a sample 
of sap mixed with indicator, which had not been exposed either to air or to a metal 
needle after extraction 

The pH could be determmed by comparmg the test syrmge with buffers and 
mdicators m smular sinringes, but we wished to keep on using the Helhge double- 
wedge colorimeter which has been so satisfactory Accordingly a special carrier 
was devised to hold the syrmge m the colorimeter m approximately the position 
usually occupied by the conventional glass cell A simple plano-convex lens was 
placed between the syringe and the eyepiece This had the effect of spreading 
the emergent beam from the syrmge so that only a narrow band passing through 
the middle of the syrmge was viewed Since the sjurmge is cylindrical the in- 
tensity of the color of the band necessarily decreases from the center But by 
selecting only a narrow band the decrease m color to the edges of the field of view 
was made mappreaable 

The ordmary tuberculm syrmge has two other disadvantages The figures 
etched on the barrel must be kept out of the field by turning the syrmge until 
they are out of way, and the mner surface of the barrel is ground so that even 
when It is filled with hquid some scattermg occurs This has the effect of shghtly 
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reduans the brdhance of the color, but one soon leams to discount this slight 
effect Doubtless the difficulty could be overcome by using sjTinges made of 
Jena DPG tubmg -which is so accuratel> fabricated that barrel and piston do not 
have to be ground to a fit The pH’s were read off a calibration curve constructed 
by means of buffers treated in the s> nnge in the same way as the unknown sample 

RESULTS 

Four eicpenments companng the rates of accumulation in normal 
light’ and darkness are discussed 

Expenmmi 1 — Cells were exposed to sea water containing 0 001 75 Ji 
ammonia at the normal pH of sea water • The results of this experi- 
ment are given in Table I and Fig 1 The behavior of sodium and 
potassium -will be considered in detail In this expenment the pH 
was determmed parallel -with the ammonia changes by the method 
described in this paper The results of the pH measurements together 
with the rate of increase of ammonia have been plotted m Fig 3 
Smee the method is rather w asteful of cells the pH was not determmed 
m Experiments 2, 3, and 4 

Experiment Z — Cells were exposed m light and dark to sea water 
contammg 0 0025 u ammoma at normal pH The results ate given 
in Fig 1 

Expenment 3 — Cells were exposed m light and dark to sea water 
contammg 0 0025 u ammonia at normal pH The dark group -was 
subjected m this expenment to extremely dark conditions The 
results ate given m Fig 2 

Expenment 4 —As in Expenment 3, except that before exposure to 
sea water contaimng ammonia the cells of both groups were subjected 
to aprelimmary penod of darknessm ordinary sea water (Sec Fig 2 ) 

Before considenng the rates of entrance let us consider the pH 
measurements From Fig 3 it appears that soon after the cells were 
exposed m normal hght to the sea water containing ammonia the pH 
rose by a rather small but quite definite amount (by 0 4 pH), and 
that the new pH level at pH 6 10 was mamtained until the end of the 
expenment In darkness also the pH rose promptlj though not quite 

’ Normal light means the regular daily succession of light and darkness 

’The pH of the body of the sea water was 8 2 but it "vaned m the immediate 
neighborhood of the cells dependmg on illumination, etc 
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SO much as m the hght But in this case a slow decrease then fol- 
lowed and at the end of the e-tpenment the pH of the sap was about 
that of normal sap, in spite of the fact that the sap now had 0 05 m 

TABLE I 


Accuviulaltoi: of Ainmoma in Sea Walcr Conlaimng 0 00175 M Ammonia 

{Experiment 1) 


Days 

Volume 

Concentration 

t 

P 

Iff 

P 


Ammonia 

[ Potassium 

Sodium I 

L 

L 


Light group 



cc 

M 

it 

u 



0 

1 9S 


0 4846 

Bl^ 



2 5 

2 01 



Bl^ 


0 0027 

5 

2 02 


BE9 


0 0035 

0 0026 

7 

2 04 

B 1^1 


0 1600 

0 0031 

0 0023 

10 

2 06 


BISII 

0 1649 

0 0031 

0 0026 

IS 

2 09 


0 S7S0 

0 1786 

0 0027 

0 0024 

15 

2 10 

0 1178 

0 3725 

0 1692 

0 0029 

0 0028 

20 

2 IS 


0 S400 

0 1779 

— 


26 

2 16 

iiii 

0 3143 

0 1832 




Dari group 



Adjusted 

stiiumc’ 





nt 

0 

1 98 

0 0006 

0 4846 

0 1475 

— 

— 

2 5 

1 97 

0 0184 

0 4766 

0 1425 

0 0097 

0 0076 

5 

2 00 

0 0253 

0 4628 

0 1524 

0 0067 

0 0058 

7 

1 94 

0 0286 

0 4729 

0 1429 

0 0077 

0 0050 

10 

1 97 

0 0395 

0 4760 

0 1360 

0 0054 

0 0062 

13 

2 01 

0 0464 

0 4515 

0 1516 

0 0049 

0 0077 

15 

1 98 

0 0477 

0 4509 

0 1539 

0 0043 

0 0073 

20 

2 02 

0 0494 

0 4361 

0 1572 

0 0035 

0 0067 

26 

2 02 

0 0518 ' 

0 4366 

0 1415 

— 

— 


* Adjusted b\ multiplj-ing the measured volume m the dark group by 1 98 -i- 
1 SO so as to make it possible to start hght and dark group “moles” cuiv^es at the 


same zero pomt 

NH^'^ and had lost a correspondmg concentration of potassium It 
appears then that there is httle correlation between the concentration 
of ammoma m the sap and the pH This is particular!)’- clear m the 














10 12 14 16 18 20 22 24 26 


2 4 6 8 

Fig 1 Accumulation of ammonia m light and darkness Experiments 1 and 2 
The curves are dravi n free hand to give an approximate fit 
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dark group where after the first rapid pH rise the ammonia concentra- 
tion and the pH moved in general in opposite directions 
These results contradict efiectively a suggestion made in a former 
paper that the presence of a relatively high concentration of ammoma 
m the sap results in the buffering of the sap by ammonium salts at a 
somewhat higher level than that of normal sap It now seems much 
more likel}^ that the change in pH may be associated with relatively 
small amounts of basic ammonia in the sap 



Fig 2 Accumulation of ammonia m light and extreme darkness Experi- 
ments 3 and 4 The curves are drawn free-hand to give an approximate fit 

In the accumulation of ammonia, tending to raise the pH of the sap, 
we suppose that we have the entrance of ammonia as NH4X,® a form 
equivalent to entrance as a base since each molecule of NHjX is 
decomposed at the sap-protoplasm interface by an acid stronger than 
HX (probably CO2) thus, 

NH«+ - 1 - X- -k H+ -H HCO,- -» (NH,)+ -f HX -f HCOr 

®Osterhout (Osterhout, W J V, Proc Nat Acad Sc, 1935, 21, 125) has 
suggested that ammonia entrance is preceded by a reaction between ammoma 
m the sea water and an aad HX m the protoplasm 
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Since HX is by assumption a very weak aad nearly insoluble in 
water it does not figure in the pH of the sap And tending to lower 
the pH we have (o) the loss of potassium as KX which is equivalent 
to the loss of a base, since KOH from the sap unites with HA in the 
protoplasm to form the KX (6) The elaboration in the protoplasm 
of water soluble aads which pass into the sap Carbon dioxide is the 
most conspicuous of these but others probably play a part This 
process which goes on constantly is in part offset by the outward dif- 
fusion of COj from the sap to the sea water In the light photo 



Fro 3 Change of pH of sap during accumulation in light and in darkness 
The curves are drawn free hand to give an approximate fit 

synthesis, which we assume to be confined chiefly to the sea n atcr 
protoplasm interface, removes the COj there and as a result the 
gradient of concentration of COi from the sap to the sea water is 
increased This results m a more rapid loss of COi 
The pH of the sap is thus the resultant of several processes The 
mixture of buffer systems is probably quite complex But n e may say 
confidently that the increase of free base will raise the pH and the 
decrease of base will decrease it Such a change might possibly be 
brought about by the replacement of K.OH by an equivalent amount 
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of NHi With the system moving towards a higher pH due to the intro- 
duction of a new buffer sj^stem Instead we believe that the results 
are more readily explained by assuming that the pH nse in both the 
light and dark groups depends on the rapid entrance of ammonia in a 
form equivalent to the base, without the loss of a correspondmg 
amount of potassium as base In the accumulation of ammonia we 
notice that in general at the very start of the process the total con- 
centration of cations in the sap increases a little We associate this 
in part with the gain of some ammonia without an equivalent loss of 
potassium 

In both groups the same process operates to raise the pH at the 
start, but in the dark group because the CO 2 diffuses out of the sap 
more slowly than in the light the effect of the entrance of the excess 
of ammonia over the potassium lost, tends to be nullified Hence the 
slow decrease of pH 

We must now consider to what extent the pH measurements are 
trustworthy We have to face the fact that the sap is poorly buffered 
For example, probably the buffer system of normal sap is due to 
sodium bicarbonate and potassium bicarbonate But the total car- 
bon dioxide concentration of the sap, according to Osterhout and Dor- 
cas,® IS only 0 0002 m of which, at pH 5 72,^ one third is salt and the 
rest free CO 2 The final concentration of indicator used was 0 0001 ii, 
or about half that of the buffer system It would not be surpnsing 
therefore if the buffer equilibrium should be seriously upset by the 
indicator A practical test of this possibility was made in New York 
by determining without gas loss the pH of a sample of sap with two 
concentrations of indicator The same value was obtained in both 
cases But this might mean that the buffer capacity of the indicator 
is too great to be upset by the addition of sap This could hardly 
have been so in the present case since there was an obvious change in 
the color of the indicator as it was added to the sap On the whole 
therefore we believe that the measurements give a true picture of the 
trend of the pH changes, and roughly of their magnitude 

Osterhout, W J V, and Dorcas, M J , / Gen Physiol , 1925-26, 9, 255 

^ This value was obtamed m the present paper The proportion of salt to 
base was calculated by the Henderson-Hasselbalch equation, using for pK'i 
the value of 6 02 according to the latest results of Macinnes and Shedlovsky 
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Considering now the rate experiments, all four lead to the conclusion 
that the rate of entrance of ammoma is strongly influenced by light 
Thus the rate of entrance of moles (concentration X volume) was 
about 2 5 times as fast m light as m darkness This was hardly a 
question of the greater rate of growth of the cells in hght On a con- 
centration basis in which we ignore the difi'erence in growth rate the 
rate of concentration increase was about twice as fast in two experi 
ments, and about three times as fast in the other two 

From Expenment 3 we can draw the additional conclusion that 
accumulation can go on even in total darkness In this experiment 
in order to rule out the possibihty that any dayhght at all might get 
to the dark group the bottles in which the cells were exposed were 
covered with thick layers of adhesive tape pamted black These 
bottles were placed m sea water m a ten gallon stoneware crock with 
a cover This was kept in a room sufflaently dark to be used as a 
photographic dark room To keep the cells at about the same tern 
perature as the hght group, the stoneware crock was immersed m a 
bath through which a flow of salt water was mamtamed In spite of 
the absence of hght the cells accumulated ammoma and the rate was 
comparable with that observed m Experiment 2 m which the dark- 
ness was not so complete The rate in darkness was about half that 
in normal hght 

The cells of Experiment 3 were transferred directly from a large 
collection which was kept under normal light It seemed not impos 
sible therefore that they might have stored energy during this penod 
which would be avadable for accumulation for a considerable penod 
after the -withdrawal of the hght In order to minimize this factor, 
if it should exist, the cells of Expenment 4 were first subjected to a 
prehmmary exposure to normal sea water in total darkness for 14 day s 
This treatment had no -visible effect on the rate of accumulation in 
the dark In the hght accumulation took place somewhat faster 
than in Expenment 3 However, Experiments 3 and 4 are not 
directly comparable and we cannot say definitely that the prehmmary 
dark treatment rendered the cells capable of accumulating ammoma 
faster in the light 

All the curves for the accumulation of ammonia m Fig 1 flatten out 
towards the end of the exposure In the light where the cells continue 
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to grow we should expect the moles of ammonia to continue to increase 
However, at best the growth is slow and the error of the volume meas- 
urements and the natural variation of the sap samples are such that 
when the rate of ammonia entrance has become slow some uncertainty 
in the location of the points is to be expected The simplest inter- 
pretation of the flattening is that the concentration of ammonia in 
the sap has reached a constant level, and that thereafter as the volume 
increases slowly, ammonia is taken in slowly to keep the concentration 
constant 

The approach to constant ammonia concentration during ammonia 
accumulation is also clearly foreshadowed m the curves for Experi- 
ment 3 (Fig 2) and in a curve in a previous paper ® But there is 
little or no flattening of the curves of Experiment 4 This may mean 
merely that the experiment was termmated before the onset of the 
flattening On the other hand it may be connected with the prelimi- 
nary dark treatment This point will be the subject of further 
investigation 

The flattenmg of the curve suggests the approach to an equihbnum 
or rather, since we are dealing with a living system, to a "steady state ” 

For equilibrium we may write that 

[NH,b = INK,], 

where f is the activity coefficient, [NHs] is the concentration of 
undissociated ammonia, and o and r refer to the sea water and sap 
respectively 

Assuming® that y*?®’ = y*?®’ the equation reduces to 

It can be shown that with certain assumptions the same equation 
should fit the steady state 

The derivation'® is as follows According to Osterhout® ammonia may pass 
through the non-aqueous protoplasm as NH 4 X where X is the anion of a weak 
acid elaborated m the non-aqueous layer of the protoplasm It is assumed that 

® Jacques, A G , and Osterhout, W J V, 7 Gen Physiol , 1930-31, 14, 301 
(Fig 3) 

® CJ Zscheile, F P , Jr , Protoplasma, 1930, 11, 481 

'® This derivation is given in detail as it will be used as the foundation for 
calculations m subsequent papers 
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the reaction whereby NH 4 A is formed takes place on the protoplasmic side of the 
sea water protoplasm or sap*protoplasm mterface We assume that the proto- 
plasm^^ has the structure shown m Fig 4 For purposes of discussion we ma> 
neglect the aqueous layer TV and treat the protoplasm as though it consisted of a 
single non aqueous layer Now at each mterface there is a pair of adjacent 
unstirred la> ers, one m the aqueous phase and the other m the non aqueous 
protoplasmic surface laj er And in each pair of such layers there are thin regions 
immediately m contact where there is equihbnum across the mterface At the 
sea water interface the aqueous unstirred layer is designated hereafter as op and 
the non aqueous layer as po The thm equihbnum layers are called cop and epo 
At the sap-protoplasm mterface the corresponding designations are tp px etp, 
and ept (See Fig 4 ) 


External Protoplasm Sap 

adution 



Fig 4 Hypothetical structure of the protoplasm X and Y are non aqueous 
layers TF is an aqueous layer The shaded areas represent unstirred layers 
The ver> narrow stippled bands, bounding each mterface are extremel> thm 
la>er5 which are in approximate equihbnum some of these are labelled, le 
cop epo epx, and ap 

Now at the steady state if wc ignore the small amount of growth which occurs 

smee m this condition the flux of which is assumed to be the only speacs 

carrymg ammonia, is zero 

But we assume that at each mterface some of the NH|X formed is transferred 
to the adjacent aqueous layers so that the following equihbna are set up 

lNIUX],w -= 

and i ( 1 ) 

INHiXU - Srip -''iNH.XlnJ 
where 5 is the partition coeffiaent 


“ Osterhout, W J V , Ergebn Physiol , 1933, 35, 967 
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In tlic aqueous layers we have the following hydrolytic reaction, 

NHiX + H,0 NH^OH + HX 

for which we can write the thermodynamic mass action equation, 

^ ^ (NH40H)cop(HX)eop ^ (NH^OH)c,p(IIX)e,p 

(NH,X)eop(H20)eop (NH4X)etp(HX)e,p 


where parentheses indicate activities But 

NH4OH NHj + HjO 
for which the thermodynamic mass action equation is 

(NH^HjO)„p 


kh = 


(NH40H)„;, 


(3) 


Now 


(liXUp = 


cpo 


r.nA 

oeop 


where square brackets indicate concentrations (A similar set of equations apply 
to the eip-epi interface ) 

Whence for the second term of equation (2) we get 


(NH4 X)c„;> = [NH 4X]„;> = 




Ocop 


^ [^B,]eopllXepo ffop 

Xhyd *5^^ 

and for the third term of equation (2) 


y'^J'^lNILXhp , _ [NH,W[HA1,^, fn f' 
or collecting constants 


_NHiX 

^etp 


Kbyd k/.SaP 


(4) 


(4o) 


[NIEXle^o = Kcoll 


and 


[NHjXJe^, — Acol! INH3]ti^ 


Or assuming that corresponding activity and partition coefficients are equal m 
sap and sea water, at the steady state 

[NH3]3<,/.[HX)e/><, = [NH,]3,^[HX]3/„ (S) 
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or if there are no concentration gradients of [NHj] across the op and ip layers, as 
IS almost certainly the case, 

lNH,l,lHX!,f, - lNH.lilHA.h,i (So) 

Now if HA IS distributed equally throughout the non aqueous protoplasm 
[HAT „ ■= [HAT , For purposes of calculation we may regard [HAn„„ and 
[HAl,,! as constant We then have for the steady state, 

[NH,!. = INH.I. (6) 

If a steady state has been attained we should be able to upset it by 
changing [NHj] An experiment to detenmne if this could be done 
was earned out by exposing cells which had ceased to accumulate 
ammoma to (o) sea water containing more ammonia at the normal 
pH of sea water and (6) to sea water containing the same amount of 
total ammonia at a higher pH There were six groups in this part of 
this expenment 

(o) Light and dark sub groups m which cells from the light and 
dark groups of Expenment 1 were exposed respectively in normal light 
and darkness to sea water at the normal pH* contaimng 0 0017S m 
ammomum chlonde Smee this involved no change m conditions 
these cells were regarded as controls 
(6) Light and dark sub groups m which cells as in (a) were exposed 
to sea water contaming 0 0025 m ammomum chloride at normal pH 
(c) Light and dark, sub groups in which cells as in (a) were exposed 
to sea water contaimng 0 00175 m ammomum chloride at pH 9 5 
As Table II shows, the concentration of ammonia m the sap in 
creased hardly at all in the control groups, but it did increase decidedly 
in the others This suggests that real steady states had been attained 
in both hght and dark groups of Expenment 1 dunng the exposure of 
the cells to sea water, at normal pH, containing 0 00175 m ammonium 
chloride, since in both groups increasing [NHj] caused the concentra 
tion of total ammonia in the sap to increase It is noteworthy that 
in the dark sub groups (fi) and (c) there is a suggestion of an approach 
to new steady states This was not the case in the light sub groups, 
but It may have been that in these cases new steady states would have 
been attamed if it had been possible to continue the experiments 
further 
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We may now compare the steady state concentrations attained m 
Experiment 1 with values calculated on the assumption that at the 
steady state [NHajo = [NH3], 

The normal pH of the sea water is 8 2 and when [Am]o = total 
ammonia in sea water = 0 00175 m, [NHsjo = 5 9 X 10“^ according 
to the Henderson-Hasselbalch equation But the pH of the sap ac- 
cording to the measurements discussed on pages 503 to 508 was about 
5 8 at the steady state At this pH m order for [hJHs], to be equal to 
[NHsjo = 5 9 X 10"®, [Am], would have to be approximately 0 4 m 


TABLE n 


Light group 

Dark group 



Conccntra- 



CoDCentra 

Sub group 

Dai’S 

tioQ ammonia 

Sub group 

Da}s 

tion ammonia 



m sap 



in s^p 



It 1 



u 

(a) Control 

0 

0 1329 

(a) Control 

0 

0 0494 


2 

0 1343 ' 


2 

0 0512 


5 

0 1400 


5 

0 0499 




1 

12 

0 0532 

ib) 

0 

0 1329 

(6) 

0 

0 0494 


2 

0 1655 


1 



5 

0 2072 


' 5 

0 0/04 





12 

0 0729 

(c) 

0 

0 1329 

(c) 

0 

0 0494 


2 

' 0 1500 


2 

0 0650 


5 

0 1815 


5 

0 06SS 


Actually it was about 0 05 m In the light group [Am], = 0 13 m 
which IS 6/10 of the theoretical value of [NH3]o = 5 9 X lO"® when 
pHo IS taken as 8 2 As a matter of fact it is almost certain that 
durmg the period of illumination at least, pH„p is greater than pH, 
smce b)'’ photos}mthesis CO 2 is removed from the sea water, and 
although with a large body of sea water in proportion to the cell 
volume, as was used m our experiments, this effect does not show up 
m the bulk of sea water, some increase of pH m the unstirred layer of 

In this calculation pK'6 was taken as 4 34 The reason for this choice is 
given m a previous paper (Jacques, AG,/ Gen Physiol , 1935-36, 19, 397) 
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sea water m the cellulose wall adjacent to the protoplasm seems 
inevitable m hght 

Crozier” has shown that in aquaria the photosynthesis of Valonta 
may raise the pH to 9 5 in sunlight and this agrees with our results 
when the volume of cells to sea water is not too great Apparentl} 
at 9 S the preapitation of calaum or magnesium carbonates or both 
serves to buffer the svstem somewhat by removmg CO, ion so that 
9 S IS the limit to which pH".,, can nse during illumination 

At this pH the maximum value of (NHs]„p neglecting loss of NHj 
from cop to o by diffusion would be 7 0 X 10~* 

But pH according to our measurements, m the hght group, was 
6 10 at the end of the experiment Hence lAm]( should be 2 5 M in 
order for [NHJi to be equal to [NHal^p = 7 0 X 10~‘ The steady 
state value of [NHsL corresponding to [NHaJo in normal light must 
be somewhere between 0 21 u and 2 S M and m any case it is greater 
than 0 13 m, the value found 

These calculations are only approximate smce they depend on the 
somewhat arbitrarily selected value of 4 34 for pK( However, 
calculating for the dark group where complications due to photosyn 
thesis are absent the pH which the sap would have to have in order 
to make {NHal, = when pH, = 82 and pH) = 5 8, we get 

pH =67 The actual value was S 80 and the discrepancy can 
scarcely be explained away even by makmg all possible allowances 
for error m the pH measurements and error in the selection of the 
value for pKj 

It will be recalled (p 512) that the conclusion that [NHj] = [NHj] 
at the steady state is based on the assumptions that (o) corresponding 
activity coefSaents in sap and sea water are equal, (6) correspondmg 
partition coefEaents in sap and sea water are equal, and (c) [HX],p, 
= [HA1,p, 

The first is almost certainly valid since the ionic strengths of sap 
and sea water are not far apart In general we have assumed that 
(b) also IS valid, but our information in this respect is vague But 
in regard to (c) it is not improbable that [HA] > [HAT],,, Such a 
situation could arise if HA is elaborated only at the sap protoplasm 

'’Croiier \V J / Cm P/iyjioi , 1918-19 1,581 
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interface In this case the equation governing the steady state is 
equation (5a) (p 513), jc, 

Now according to the calculation for the dark group (p 514), 
where complications due to photosynthesis are absent, [Am], is only 
1/8 of what It should be in order for [NH3], to equal [NHs],, But if 
[HyYjcpo IS only l/8[HY’]cp„ equation (5 a) will be satisfied, te , the 
ratio [HZ]cpo — [HXjcp, = 0 125 

It IS assumed that all the ammonia passing through the protoplasm 
travels as NHjZ whence the flux for cells with surface of unit area 
and thickness is given by 

4^] ^ ^nh.a { [nh,X),pp - [NH,Xh>, ) (7) > 

at 


where [Am] means concentration of ammonia Z) is a constant for 
the movement of NHiY" m the protoplasm which is the analogue of a 
diffusion constant 

When [HJYjepo is considered to be equal to [HZjcp, and constant 
this reduces to 


[HXhpp{[NH3W - [NHj],,^} 
at 


( 8 ) 


Kcoll = 


^H.Y rNH, 

^eop */ eop CT eop 


JCOp 

HA 

Oeop 


1 




NHiA 

top 


Kbyd l-h 


(So) 


We now proceed to calculate the permeability constants from equa- 
tion (8) Putting this in a familiar form*'* for simplicity, we have, 


dx 

Jt 


P’(a - x) 


(9) 


where a = [NHsjtop, a = [NHsj^.p, and P' contains all the constants 
of equation (8) On integration 


*'* This IS, of course, only an approximation in many cases, cf Jacobs, M H , 
Ergehi Biol , 1935, 12, 1 According to this equation the rate is directly pro- 
portional to NHso - NH3, But this IS not necessarily true when the initial rates 
with different concentrations of NH 30 are compared (see footnote 5) 
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In tlie present case vie have first applied equation (10) to the dark 
group of Eitpenincnt 1 (Table I) a has been calculated on the 
assumption that the pH„ = pH „, = 8 2 and [Am], p = [Am] , whence 
[NHj]™, = o == 5 9 X 10"® (see p 514) x has been calculated from 
[NHj], p on the assumption that pH, , = pH( = 5 90 The result 
IS given in Table I under P'o It will be seen that this “constant” 
decreases steadily with time 
If [HX].r„ 5s [HX],p„ we must put 

Puttmg this in the simplified form 

~-P"\b<L-<x] 

where b = \liX],pp and c = [HX] ,, Since we do not know the abso 
lute values of either !i or c we multiply the nght hand by c/c to get 



where P'" = cF" On mtegration we get 


b 



~a — X 
c 


This equation has been used to calculate Pp' The most natural 
assumption to make m calculating the coeffiaent b/c is that at the 
end of the experiment when the steady state was attamed 
6/cINH,l -(NH.!, 

Assuming that pH. = 5 90 and [Am], at the steady state was 0 0518, 
[NHj] = 9 0 X 10"® and this value was used to calculate the per 
meability constant for the dark group By trial we found that the 
value 8 83 X 10 -• « for b/c [NH,] = [NH,] , gave a slightly better 
senes of values for the permeability constant These values arc 

We ma> not assume that at the steady state b/c a <*, hut the shght cor 
rection from 9 0 X 10“® to 8 83 X 10-" is withm the hunts ot the natural vana 
tions of the cells 
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given as m Table I Although the values are erratic there is no 
definite trend and the deviations may be associated with faulty 
sampling of the sap and errors in analysis 
On using the value 1 0 X 10-^ for b/c [NH,], the values of the per- 
meability constant had a marked trend Hence we conclude that 
8 83 X 10"'^ is a significant value And the ratio b/c is therefore 
approximately 


8 83 X i0-<’ 
5 9 X 10-“ 


~015 


In the light group, Experiment 1 (Table I), we may not assume 
that pH„p = pHo at least not during illumination According to 
Crozier^® the maximum pH which can be expected due to the photo- 
synthetic removal of CO 2 from the sea water is 9 5 Usmg this value 
for pH„p [NHaJeop = 1 1 X 10~^ But the cells were, m our experi- 
ments, illuminated not more than half the time due to the onset of 
darkness, and in the dark period pH„p may be taken as equal to pH, 
= 8 2, whence [IvlHalo = 5 9 X 10"^ The average of these two 
values = 3 85 X 10“^ has been taken as the value for a in calculating 
Pi from equation (10) and x has been calculated on the basis that 
pH, = 6 15 As Table I shows, Pi calculated in this way has an 
obvious drift 

We now apply equation (11) usmg b/c = 0 15 as in the dark group 
b/c a then equals 5 78 X 10“® m 

The permeability constant has been calculated on this basis It 
was found to be nearly without trend but with a shght upward drift 
at the end A slightly better constant was obtained by using for b/c 

5 9 X 10“® This IS Pi" in Table I 

Since by usmg the factor b/c = 0 15 we obtain fairly satisfactoty 
permeabihty constants we assume that this ratio may have some physi- 
cal significance Provisionally we suppose that it is the ratio of 
[HX']ep./[HX']<,po The actual concentration of each is unknown 

It might be suggested that since the pH value of the sap used m these calcu- 
lations, OTZ 5 90, IS a compromise value, being the apparent average value of the 
pH durmg the entrance of ammonia, that we could correct [NH 3 ], from 9 0 X 10' 
to 8 83 X 10'® by assuming a shgbtly lower value for pH. But if this corrected 
value is used m calculating x the constants are the same as those obtained by 
usmg 9 0 X 10'® and pH, = 5 99 
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I{ fc/c has the significance suggested at the steady state x should he 
equal to hjc a In the datk group x„ where e signifies the steady 
state, was found to he equal to 9 X 10~*, but i>/c o was taken as 8 83 X 
10“* This slight discrepancy is of no importance In the fight 
group conditions are more complicated, because owing to photosyn 
thesis 0 IS not well known But by taking a as the probable average 
value of [NHjrep in light and in darkness a value for 6/c a = 5 9 X 10-= 
M was obtained This value gave a good senes of values for the 
constant but x in the light was only 4 1 X 10“= Although the two 
values are of the same order there is some discrepancy here not yet 
explained " 

It appears that P'i' is about 3 times F'l' Assuming that 
F'a = ■we may suppose that [HX] = c is 3 times as great in 
the dark This seems possible for we must remember that some of 
the HA IS being lost to the sea water and this loss may well be 
much greater in light than m darkness due to the higher pH at 
the sea water protoplasm interface when the cell is photosynthesizmg 
activelj 'We assume that is also 3 times as great in the dark 

Hitherto we have assumed that the reaction is a simple reversible 
neutrahzation 

NH,OH + HA NH.X + H,0 

But It rmght be much more complex than this This will be discussed 
in a forthcoming paper 


StJMMAKY 

The accumulation of ammonia takes place mote rapidlv in light 
than in darkness The accumulation appears to go on until a stead) 
state IS attamed The steady state concentration of ammoma in the 
sap IS about twice as great in hght as m darkness Both effects ate 
possibly due to the fact that the external pH (and hence the concentra 
tion of undissociated ammonia) outside is raised by photosynthesis 

Certain “permeability constants” have been calculated These 

1^ A slight uncertainty in the detennination of pHi at the steady state would 
account for the discrepancy hut since x and x are calculated from the same value 
of pH the calculated value of the constant would again show large deviations if 
pHi were increased enough to make x — 5 9 X tO~= 
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indicate that the rate is proportional to the concentration gradient 
across the protoplasm of NH 4 X which is formed by the interaction of 
NHs or NH4OH and HX, an acid elaborated in the protoplasm The 
results are interpreted to mean that HX is produced only at the sap- 
protoplasm interface and that on the average its concentration there 
IS about 7 times as great as at the sea water-protoplasm interface 
This ratio of HX at the two surfaces also explains why the concentra- 
tion of undissociated ammonia in the steady state is about 7 tunes as 
great in the sea water as m the sap The permeability constant P'" 
appears to be greater in the dark This is possibly associated with 
an increase in the concentration of HX at both interfaces, the ratio 
at the two surfaces, however, remaining about the same 

The pH of sap has been determmed by a new method which avoids 
the loss of gas (CO2), an important source of error The results indi- 
cate that the pH rises durmg accumulation but the extent of this rise 
is smaller than has hitherto been supposed 
As in pre\aous experiments, the entering ammonia displaced a prac- 
tically equivalent amount of potassium from the sap and the sodium 
concentration remained fairly constant 
It seems probable that the pH increase is due to the entrance of 
small amounts of NHs or NH4OH in excess of the potassium lost as 
a base 



THE KINETICS OF PENETRATION 
XVn The Exit of Ammonia m Light and Dafeness 


By A G JACQUES 

[Trom the Laboralones oj The Rockefeller Institute for Medical 
Research New York, and The Bermuda Biological Station 
Jor Research, Inc Bermuda) 

(Accepted for publication, December 30, 1938) 

In a previous paper* dealing with the exit of ammonia from cells of 
Valonta macrophysa, Kiltz , it was suggested that the rate may be 
greater in light than m darkness and that the exit is preceded by an 
induction penod In the present paper these points have been studied 
in more detail And at the same time the pH changes of the sap 
during the exit have been studied by a new method * 

In this paper, “exposure to light’’ means exposure to the normal 
alternation of daylight and darkness m the laboratory, "dark” means 
continuous darkness 


experimental 

These expenments were carried out in Bermuda m the winter of 1937-38 
at the Bermuda Biological Station 

Cells which had been allowed to accumulate ammonia in the light were divided 
into two groups and were exposed to a flow of normal sea water, which is neatly 
ammonia free one group m darkness and the other m light 

The cells were exposed m glass )ars m the light groups and m darkened glass 
)ars or porcelain jars m the dark groups as described m the previous paper The 
jars were closed with two layers of heavy opaque rubber sheeting through which 
were thrust two glass tubes for the entrance and exit of the flow of sea water 
There may have been some slight leakage of light mto the dark jars from this 
cause but this must have been very small since the lubes themselves were 
blackened 


* Jacques, A G J Gen Physiol 1937-38 21, 775 
Ammonia means, as m previous papers, Nils + NILOH + NH 4 ion t e 
the total amount found by analysis 

“ Jacques AG,/ Gen Physiol , 1938-39 22, 501 
521 
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Volumes were determined on small groups of cells assumed to be characteristic 
of the whole groups by a method previously described ^ Analyses for potassium, 
sodium, and ammonia were carried out as described in a recent paper For the 
pH of the sap we used the new technique recently described^ m which the loss of 
gas, chiefly COj, from the e'^tracted sap is avoided 


TABLE I 


Exit of Ammonia from Valonia in Light and Dark {Experiment 1) 


Days 

1 

1 

Volume 1 

Concentration 

Moles X 101 

1 

Ammonia j 

1 Potassium j 

1 Sodium 

1 Ammonia j 

Potassium j 

1 Sodium 


Light group 


0 

B 

0 1260 1 

u 

0 3617 i 

M 

0 1426 

2 167 

6 221 

2 452 

2 


ilB 

0 3547 

0 1397 

2 197 

6 136 

2 416 

5 

BH 

ilB 

0 3576 

0 1432 

2 090 

6 294 1 

2 520 

10 

BB 

tIB 

0 3699 

0 1384 

1 987 

6 520 

2 436 

15 


0 0863 

0 3668 

0 1587 

1 536 

6 529 

2 824 

21 


0 0739 

0 3568 

0 1783 

1 1 345 

6 493 

3 235 

26 

BB 

0 0615 

0 3336 

0 2195 

1 144 

6 204 

4 072 


Dark group 



Adjusted 

volume* 



0 

■9 

0 1260 

0 3617 


2 167 

6 221 

2 452 

2 

BB 

0 1279 , 

0 3583 i 

tiB 

1 2 212 , 

6 198 , 

2 311 

5 

■B 

BB 

0 3587 ; 

db 

2 246 

5 990 

2 158 

10 

BB 

tlB 

0 3662 

0 1514 

1 962 

6 225 

2 563 

15 

1 70 

0 1168 

0 3534 

0 1539 

1 984 

6 007 

2 616 

21 

I 73 

0 1025 

0 3335 

0 1738 

1 906 

5 769 

3 007 

26 

1 78 

0 0905 

0 3433 

0 1933 

1 738 

1 6 110 

3 441 


* Adjusted by multiplying the measured volume in the dark group by 1 72 — 
1 85 so as to make it possible to start light and dark group "moles” curves at the 


same zero point 

Three experiments were performed 

Experiment 1 — The cells were exposed to sea water contammg 
0 0025 M ammonium chloride for 14 days in light Then they were 
dmded into two groups, one in darkness and the other in light, and 
kept m flownng normal (nearly aramoma-free) sea water for 26 days 

•‘Jacques, A G, and Osterhout, W J V, 7 Gen Physiol , 1931-32, 16, 537 
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Fie 1 The exit of ammonia in light and darkness Experiments 1, 2, and 3, 
and the entrance of sodium m light and darkness m Expennienl 3 The curves 
are dranm free hand to give an approximate fit 


X tunipos 
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in light The results of this experiment are given in Table I and in 
Fig 1 



Fic 2 Comparison of the decrease of ammonia concentration and the change 
of pH of the sap in light and darkness The curves are drawn free-hand to give 
an approximate fit 


TABLE n 


Inihal and Ftnal Concctilrattoiis 


Expenmcnl 


Stajrc 1 
Before accu- 

Staec 2 
\i ena of ac 

At end of exit 


muIatioD 

cumuhtjon 

Light group 

Dark group 

1 

Vmmonia i 

M 

0 0005 

M 

0 1260 

It 

0 0615 

it 

0 0905 


Potassium 

0 4953 

0 3617 

0 3336 

0 3433 


Sodium 

0 134S 

0 1335 

0 2195 

0 1935 

2 

Ammonia 

0 0005 

0 0615 

0 0017 

0 0245 


Potassium 

0 4954 

0 4464 

0 4427 

0 4106 


Sodium 

0 1297 

0 1304 

1 

0 1S36 

1 0 1906 

3 

A.mmoiiia 

0 0007 

0 0707 

0 0057 

0 0372 


Potassium 

0 4957 

0 4274 

0 3953 

0 4130 


Sodium 

0 1430 

0 1390 

0 2210 

0 1596 


BApcrivtcni 2 — The cells were first allowed to accumulate ammonia 
from sea water contammg 0 00100 M ammonium chloride for 13 days 
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in light After this some were exposed in light and others in darkness 
to normal sea water for 31 days The results ate given in Fig 1 
Experiment 3 — ^The cells were allowed to accumulate ammonia 
from sea water contaming 0 0017S u ammonium chlonde for 21 days 
in light Afterwards some were exposed m light and others in dark- 
ness to normal sea water for 24 days The results ate given in Figs 
1 and 2 which show the decrease in concentration of ammonia for 
both light and dark groups dunng the exposure to normal sea water 
in companson with the pH change dunng exit For companson see 
also Fig 3 of a previous paper* (plotted on the same scale) showmg 
how the pH behaves dunng accumulation 
Table H gives a summary of the behavior of ammoma, potassium, 
and sodium, in Expenments 1, 2, and 3, dunng the accumulation apd 
exit of ammonia 


DISCUSSION or EESUETS 

It appears that dunng exposure to sea water nearly free from am 
moma the exit of ammonia is m all cases preceded bv an “induction 
penod” dunng which the concentration of ammoma either remains 
constant or the decrease is so slow that it is masked by the natural 
vanations among the cells The induction penod is longer in the dark, 
and when at length the exit of ammoma occurs at a measurable rate, 
the loss proceeds more rapidly in the light than in the dark Eventu 
ally, however, when the residual concentration of ammoma in the sap 
has reached a low value the rate of exit decreases agam Thus the 
curve has an S shape The S shape, however, is not clearly apparent 
in the curves for the exit m the dark, but this may well be because the 
rate of exit was slow with the result that either the S shape was masked 
by the natural vanations among the cells or it had not appeared by 
the time the expenments were concluded 

As in the previous expenments* the ammonia lost was replaced 
largely by sodium A precise idea is hard to get because of the natural 
vanation m the K/Na ratio of ddferent groups of cells However, 
we may say with a fair degree of certainty that in 5 of the 6 cases 
studied when ammonia left the sap the sodium concentration in- 
creased and the potassium concentration remained quite constant 
It IS not always possible to equate the moles of sodium gained to the 
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moles of ammonium lost This is partly owing to the natural varia- 
tions, and partly perhaps to a tendency for the total cation concentra- 
tion of the sap to decrease during exit ^ This may mean that am- 
monia IS lost at a slightly greater rate than sodium is gamed In one 
experiment, tlie light group of Experiment 6, the cell gained moles of 
potassium also during the exit of ammonia 

However, in this experiment a new situation was encountered, since 
in the last 11 days of the 31 day exposure to normal seawater, the 
rate of growth was much greater than during the first 20 days Thus 
in the first 20 days the increase m volume was only about 6 per cent, 
but in the 11 day period it was about 20 per cent This seems to be 
chiefly because during the last part of the experiment the cells com- 
menced to bud actively The sap samples came from both buds and 
parent cells, since only by including both could we get fair values for 
the moles of ammonia in the sap Both buds and parent cells were 
necessarily included in the volume measurements But the bud cells 
not having been exposed to the sea water containing ammonia may not 
have had any ammonia in them unless they took it from the mother 
cell Perhaps such bud cells are able to take up potassium prefer- 
entially as do cells which have not been exposed to ammonia Their 
inclusion in the sample of sap would therefore tend to raise the po- 
tassium concentration of the sample, hence it is not settled by this 
experiment whether cells which have once accumulated ammonia can 
again take up potassium Even in the previous experiment^ where we 
seemed to have part of the ammonia replaced by potassium, it is not 
impossible that the result may have been influenced by the inclusion 
of buds 

In any case we may say that when ammonia leaves the cell it tends 
to be replaced by sodium alone 

In the present series of experiments the cells were tested for their 
ability to reaccumulate ammonia after some of the ammonia had been 
replaced by sodium In some cases two accumulations and two par- 
tial removals of ammonia were carried out In all cases the cells 
were able to reaccumulate ammonia Some of these experiments 
are described below 

5 Conversely when ammonia is being accumulated actively the total cation 
concentration generally rises above normal 
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In one of them cells from the light group of Experunent 1, Table I, 
were divided into two suh groups, and exposed to sea water containmg 
0 0025 M ammoma, for 8 days (a) in light, and (6) in darkness The 
analyses follow 



1 Initial (a) and 0>) 

fa) alter 8 days 
(Mt) 

(4) alter 8 days 
(darO 


1 u 

u 

1 u 

Ammonia 

0 061S 

0 1565 

i 0 0628 

Potassium 

0 3336 

0 2448 

0 3271 

Sodium 

0 2195 

0 2295 

0 2185 

Total 

0 6146 

0 6308 1 

0 6084 


In this experiment the cells took up ammonia rapidly in the light, 
and while the concentration of ammonia was rising by 0 0950 M, the 
concentration of potassium decreased by 0 0888 M In the dark sub 
group, however, all concentrations rcmamed practically unchanged 
The cells of the (6) sub group were then exposed to the same am 
moniated sea water m light, and the cells of (o) sub group to a flow 
of normal nearly ammonia free sea water in light, both for 28 days 
The following results were obtained 



(o) 28 days la sonnal 
sea wnter i 

In light 

(4) 28 days In sea water 
containing 0 0024 u 
ammonia 

In light 


u , 

u 

Ammoma 

0 0257 ! 

0 1957 

Potassium 

0 3308 

0 2509 

Sodium 

0 2601 

0 1890 

Total 

0 6106 

0 6350 


In the (a) part of the experiment (in normal sea water) the am 
moma concentration decreased by 0 1308 M, but the sodium concen 
tration increased only by 0 0306 m, while the potassium concentration 
increased by 0 0860 u This is fairly good evidence that in some 
cases at least the ammonia lost can be replaced by potassium The 
increase in the potassium concentration seems too great to be due to 
faulty sampling, although in this case errors due to this source were 
probably aggravated because only a lew cells were available at this 
stage for each sample 
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In the (b) sub-group the ammonia concentration increased by 
0 1329 M, but the potassium decreased by only 0 0762 m This may 
be due in part to faulty sampling, but undoubtedly another factor is 
the marked increase in the total cation concentration which occurred 
during the reaccumulation The excess concentration may well be 
ammonia accumulated without the loss of a corresponding amount of 
potassium 

Since the (b) group cells were able to accumulate ammonia in the 
light we may suppose that they failed to do so in the dark because the 
internal ammonia concentration was already at the steady state 
equilibrium corresponding to the external concentration of ammonia 
in the dark In this connection it may be said that in Experiment 1 of 
a previous paper,® where the cells were also exposed to sea water con- 
taining 0 0025 M ammonia in the dark, the ammoma concentration in 
the sap ceased to rise when it reached 0 069 m, which is within reason- 
able distance of the value 0 063 m found in the present experiment 

Finally the remaining cells of sub-group (a) were again exposed to 
0 0025 M ammonia sea water, for 5 days m light The result was as 
follows 



Initial 

Alter 5 days in sea 
water containing 0 0025 
It ammonia sea water 


u 

■■■■ 

Ammonia 



Potassium 



Sodium 



Total 




In this case the concentration of ammonia rose 0 0757 m but the 
potassium concentration decreased by only 0 0362 m Most of the 
difference is accounted for by the rise in the total cation concentration 
by 0 0270 m 

In another experiment the cells were first exposed to sea water con- 
taining 0 001 M ammonium chloride for 13 days They were then 
transferred to running normal sea water for 33 days Then they were 
exposed to sea water containing 0 00175 m ammonium chlonde for 
15 days, and finally again to running normal sea water for 12 days 
All these exposures were in light The results were as follows 
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Ini tut 

Exposed to 
0 001 Kara 
moniA S W 
IS days 

Exposed to 
normal S IV 
33 days 

Exposed to 
0 0017SU 
ammonia 

S W 15 days 

Exposed to 
normal S VV 
12 da>'5 


w 

U 

■< 

u 

u 

Ammonia 

0 0005 

0 DSOS 

0 ows 

0 1700 

0 0948 

Potassmm 

0 4^9 

0 4462 


0 28« 

0 2616 

Sodium 

0 1297 

0 14S4 


0 1626 

0 2506 

Total 

0 6251 

0 6454 


0 6169 

0 6070 


Although the experiment lasted 73 days, those cells which were 
allowed to survive to the end of it, after two exposures to sea waters 
containing ammonia, and two partial removals of ammonia in normal 
sea water, were apparently uninjured In the course of the experi- 
ment K./Na was reduced from 3 8 to 1 
We may now consider the results of the pH measurements As 
Fig 2 shows, there is apparently very Uttle correlation between the 
decrease in the pH and the loss of ammoma Thus m both the light 
and dark groups the pH dropped promptly from above 6 to between 
5 60-5 70 In the case of the light group this was nearly the entire 
drop durmg the experiment In the dark group there was a further 
drop of perhaps 0 15 pH unit on the average, but this appeared to 
occur before the end of the induction period These results reinforce 
a conclusion drawn in a previous paper* that even when there is con 
siderable ammonia m the sap the buffer system of the sap is not an 
ammonium salt ammoma one which tends to maintain the pH above 
that of the normal sodium (potassium) bicarbonate COi system 
Instead, the change m pH dunng ammoma accumulation seems to be 
connected with the gain of a little free ammonia or ammoninm hy 
droxide in excess of the potassium lost, and m exit with the loss of 
a little more ammoma or ammonium hydroxide in excess of the sodium 
gained 

It might be suggested that since exit is preceded by an induction 
period there is no evidence that any basic ammonia is lost as soon as 
the cell IS exposed to ammoma free sea water However, only a httle 
ammonia would have to be lost to produce the fall in pH observed, 
since the buffer capacity of the sap is very low Such an amount 
might be lost without appeanng in the analyses since it could be 
smaller than the natural vanations among the cells The induction 
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period instead of being a period of no loss might be a period durmg 
which the rate of loss is so small that it is masked by natural variations 
The greater decrease in pH in the dark group might be due to 
the fact that in the dark none of the CO2 produced by the protoplasm 
IS used up photosynthetically ® 

According to a previous paper® the rate of accumulation is given by 
the formula® 

(lHXLpo[NH,U - [HAr].p.[NH 5 L.p) 

where [Am] is the ammonia m the sap, square brackets represent con- 
centrations, and HLY is a weak acid elaborated by the protoplasm 
eop and epo refer respectively to the adjacent equilibrium layers in 
sea water and protoplasm where all species are in equilibrium across 
the interface, and etp and ept refer to a corresponding pair of adjacent 
layers at the sap-protoplasm interface In the light the pH in the 
eop layer, owing to the photosynthetic removal of CO2, is greater than 
in darkness, consequently [NH3 ]cop, the concentration of undissociated 
ammonia in eop, is greater and so the rate of accumulation is greater 
But when we place the cells in normal sea water which is almost 
ammonia-free, the direction of the gradient represented by the term 
inside the brackets is reversed Consequently ammoma should leave 
the cell and there is no apparent reason for an induction period Of 
course, the pH of the sap drops as soon as the cell is exposed to the 
ammonia-free sea water and this would reduce [NHsjeip But even 
so the direction of the gradient is still outward 
Before going on to a discussion of possible reasons for the induction 
period we may inquire if injury plays any part 

® We suppose that photosynthesis occurs chiefly at the sea -water-protoplasin 
interface but this must increase the gradient of CO2 from the sap to the sea water 
and CO2 will be lost faster by the sap 
® The basic equation is 

^[^1 ^ ([NHiXhpo - [NH 4 XU! 

dt 

which IS the equation for the diffusion of the species NH4A’’ a molecule produced 
by the reversible reaction 

NHiOH HX ^ NH4X H2O 
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We might suppose that the cell has a defimte trapping mechanism, 
capable of retaimng ammonia and possibly other cations m the sap 
indefinitely as long as the mechanism is unimpared From Fig Ijt 
appears that m some cases not only did the concentration fail to in 
crease during the last days of accumulation, but there is a suggestion 
that it decreased sUghtly Although we consider the apparent de 
creases as due to natural variations among the cells, it might be that 
ammoma has started to come out as the result of injury On this 
basis rve should not expect an induction period On the other hand, 
we might suppose that the cell is normal at the start of the washing 
out process and retains the ammoma until injury occurs But if the 
cell IS not mjured durmg exposure to sea water containmg ammoma 
we should not expect mjury to occur when it is placed in normal sea 
water 

The displacement of ammoma by sodium mstead of by potassium 
which IS observed, would be expected if the protoplasm were injured 
so as to be permeable to all the molecular species of the sap and sea 
water But as this would take place by simple diffusion there is no 
reason why it should take place more rapidly m the light as it un- 
doubtedly does Nor should we expect injury to set in sooner in the 
light Moreover we should expect potassium to be lost also, and 
probably more rapidly than ammoma, for the concentration of po 
tassium chloride m the sap was m all cases much greater than that of 
the ammomum chlonde, but their diffusion coefficients are roughly 
equal * 

These arguments lead to one conclusion, namely that injury is 
not an important factor in the exit of ammonia 

In looking for reasons for the mduction penod we come to the pos 
sibihty that ammonia is transferred between the sap and sea water by 
some earner other than the NH«X discussed m the previous paper ’ ’ 

The obvious possibilities are undissociated ammoma, the denvatives 
of carbon dioxide and ammonia, such as ammonium carbonate, am- 
momum bicarbonate, and ammomum carbamate, and ammomum 
chloride At the start of the exit expenments there should be an 
outwardly directed gradient for all of these species But there is no 

* International Critical Tables McGraw Hill Book Companj , Inc. New 
York 1929, 6, 6S 68 
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apparent reason why there should be an induction penod in the exit 
of any of them Indeed at the very beginning, before the pH drop in 
the sap has occurred, we should expect the greatest rate of exit and not 
an induction penod The decrease in the pH observed at the start 
of the exposure to normal sea water would be expected m all but the 
case of NH4CI to decrease the rate of movement of the species, and in 
the latter case there should be no effect of pH at all 

The rate of exit m the case of undissociated ammonia would be given by the 
equation, 

= K, ((NH,]f - [NH,],) (a) 

for ammonium bicarbonate, 

= K, ([NH.+]. IHCO,-]. - INH 4 +], [HCOrb) (b) 

for ammonium carbamate, 

= Ki ({NH<+]. [NHjCOO-]. - [NH 4 +h [NKjCOO-],) (c) 

for ammonium carbonate, 

= K, ((Na+l. [NH,+), CO,=], - INH,+h INH,+h (CO,=h) (d) 

and for ammonium chloride, 

= Ks ([NH.+]. ICl-J. - ICl-W (c) 

A drop in the pH of the sap, should decrease (c) by decreasing INH3],, and also 
( 6 ), (c), and (d) by decreasmg the concentration of the anion There should be 
little or no change in (c) because the concentration of ammonium is compara- 
tively great 

We may now consider whether ammonia may not be transported 
from the sap by some other species than a simple salt The slow 
formation® of this substance might account for the induction period 
A possible species might be urea, which does as a matter of fact occur 
rather widely in plants 

® The formation of carbamate from carbonate, may be a comparatively slow 
reaction, at great dilution (Faurholt, C , J chwi phys , 1925, 22, 1) but in the pH 
range of the sap, according to Faurholt’s figures, the proportion of carbamate 
which can exist in equihbnum with other CO2-NH3 species is almost infinitely 
small 

i®For a list of occurrences see Handbuch der Pflanzenanalyse (G Klein;, 
HI IV/2, p 224, J Springer, Vienna, 1933 
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The establishment of the equilibnum m solution between urea and other 
COrNHj speaes is slow even at high temperatures, but with catalvsts it can set 
up rapidly even at ordinary temperatures Urease which also occurs in plants 
IS a catalyst for the reaction, which seems to be reversible in its effects That is 
to say in a urea solution, urease will bring about decomposition until the 
equilibrium point is reached, or m a solution of * ammonium carbonate”** it will 
bring about the synthesis of urea 

The nature of the reaction is m doubt Werner** believes that the formation 
of cyanate is a necessary intermediate step in both synthesis and decomposition 
But others assume that the reaction proceeds through the rearrangement of am 
monium carbonate to ammonium carbamate with the loss of water, and then by 
the dehydration of the ammonium carbamate to urea 
The two views may be WTitten schematically, 


COi + 2 NH, + H,0 2 NH4^ + CO,” 

(Werner) cyanate path 


^ NH*CNO + 2 HtO 

if 

(NH,),CO 

(urea) 


CO, + 2 NH, + H, ;=! 2 NH,+ + COr ^ + NH,COO’ + H,0 

if 

Carbamate path ^ (NH,),CO 4* H,0 

The evidence is contradictory 

Sumner Hand, and HoUoway*< found that no cyanate was formed when urea 
was decomposed in the presence of a very pure crystallized urease Mack and 
Vilbrs*® found cyanate among the decomposition products but concluded that 
only the reaction by way of carbamate is catalyzed by urease Fearon*® has 
recently conffsmed Sumner’s results, but be su^'^ts that the cyanate path may 
be an alternative one and that possibly it is catalyzed by another enzyme present 
in crude preparations of urease 


For present purposes it is only necessary to assume that there is 
present in the sap an enzyme capable of facilitating the urea equilib 


** Ammonium carbonate solution contains according to the pH, bicarbonate 
and carbamate ions also 

** For recent syntheses of urea see Mack E , and Villars, X> G ,J Am Chem 
Soc 1923, 46, 501 Ka> HD, Biochcm J London 1923 17, 277 Fearon 
W K Biochcm J , London, 1936, 30, 1652 

** Werner E A The chemistry of urea London, Longmans, Green and 
Co 1923 

** Sumner, J B Hand, D B , and Holloway, R, G , / Biol Chan , 1931 
91, 333 

** Mack E . and Villars D G , J Am Chem Soc 1923, 45, 501 

** Fearon W R , Bicchem J London 1936, 30, 1652 
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rium The path is not important It is a well estabhshed fact that 
many enzymes, including urease, operate most effectively at an 
optimum pH 

In the urea-urease system, which unfortunately has been studied mostly with 
urea as the starting point, the equilibrium is set up most rapidly at pH 7 0 accord- 
ing to the results of Van Slyke and Zacharias ” However, the addition of neutral 
salts or dilution of the urea solution causes the optimum pH to increase This 
shift has been confirmed by Lovgren Recently, however, Howell and Sumner'® 
have shown that though an optimum pH exists it depends not only on the con- 
centration of urea but even more so on the type of buffer used in the system In 
phosphate buffers the optimum may be as high as 7 6, but in acetate the optimum 
in the same urea concentration is as low as 6 7 The authors show in the case of 
acetate buffers that the enzyme is still active at pH’s as low as 3 0 and as high as 
7 5 In phosphate buffers the range is from 5 0 to 9 

If urea is concerned in the loss of ammonia from the sap it may 
perhaps operate m the following way The entering ammonia forms 
NH4X at the outer surface and this diffuses into the sap where it is 
transformed to ammonium chloride We assume that NH4CI cannot 
diffuse out rapidly since we know from experiments that it cannot 
diffuse m rapidly®® We suppose therefore that ammonia goes out 
chiefly as urea, the formation of which goes on in such fashion as to 
explain the induction period 

The urea is formed from COj-NHs species in the sap in the presence 
of an enzyme At the moment the cells are transferred from am- 
monia sea water to normal sea water the pH of the sap is higher than 
normal and nearer the optimum pH of the enzyme, consequently 
urea is formed rapidly and diffuses out of the sap®' This is the 
equivalent of removing ammonium carbonate from the sap since 

2 NH, + COi (NH,)2C0 q- H 0 


" Van Slyke, D D , and Zacharias, G , / Biol Chem , 1914, 19, 181 
Lovgren, S , Btochem Z , Berlin, 1921, 119, 215 
Howell, S F , and Sumner, J B , / Btol Chem , 1934, 104, 619 
Cooper, W C , Jr , and Osterhout, W J V , / Gen Physiol , 1930-31, 
14, 117 

2' During the accumulation of ammonia we suppose that the loss of urea goes 
on, but in this case more ammonia is entering as NH 4 A’’ This is decomposed by 
carbonic acid and thus keeps the pH up 
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hence the pH is decreased As pointed out previously onlj a very 
small amount of ammonia need be lost m this first process to lower the 
pH The effect of lowenng the pH is to make the enzyme less active 
so that a comparatively long tune elapses before sufficient urea is 
formed to cause the ammonia concentration of the sap to decrease at 
a measurable rate Hence an mduction period is observed 
If wc assume that the entrance of ammonia depends on the inward 
diffusion of NHiA, and the exit of ammonia on the outward diffusion 
of urea, we run into a number of difficulties If we calV®^ the outer 
protoplasmic surface X and the inner surface F we may say that 
although the X and F layers of the protoplasm are undoubtedly 
different it is hard to see how a speacs which can diffuse in one direc- 
tion in cither layer cannot likewise diffuse in the opposite direction 
in the same layer In particular NHiA , if it enters the sap, must have 
diffused through F It ought then to be able to diffuse back through 
F when the direction of the gradient is reversed by exposing the cells 
to runnmg normal sea water It is, of course, possible that no ap 
preaable amount of NHiJC can form at the sap protoplasm interface 
because there is little or no HX there This could happen if HA is 
not formed in I But in that case we should expect it to diffuse into 
F and to the sap F interface rather rapidly Of course, if HA were 
formed only at the X sea water mterface and if its partition coefficient 
were low it might be lost in great part to the sea water In that case 
m order for there to be any appreciable diffu"uon of NHiA through 
the protoplasm the partition coefficient of the salt NHA would have 
to be much greater than that of the acid HA' This does not seem 
probable Indeed we have supposed that HA', which is probably not 
one acid but the type member of a group of weak aads, is much more 
soluble in the non aqueous protoplasmic surface than m aqueous 
solution 

To avoid the assumption that a one way permeability exists in any 
layer it might be assumed'* that A is permeable to NH<A but not to 
urea and F is permeable to urea but not to NHi Y On this basis the 

=* Osterhout W J V Ergebn Physiol , 1933, 3B, 967 
* Electneal evidence indicates that \ and Y are quite different (cf foot 
note 22) 
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seat of formation and decomposition of both urea and might be 
in the W layer, the aqueous layer in the protoplasm between the two 
non-aqueous layers X and F Let us suppose that urea is formed or 
decomposed at the sap-F and F-W interfaces, and NH4X is formed 
or decomposed at the sea water-Z and X-W interfaces Under these 
conditions, when the cell is exposed to ammonia containing sea water, 
NHaX is formed at the sea water-X interface and diffuses to W, where 
it IS decomposed by CO2 which is cither formed at the W~F interface 
or IS diffusing from the sap-F interface If cannot diffuse in 

F it might accumulate as NH4HCO3 m W until = NHj^, but 
its entrance raises the pH of W and as a result the rate of formation 
of urea is increased as the enzyme activity increases The urea dif- 
fuses through F to the sap, but it cannot, we assume, diffuse much in 
X because of the low partition coefficient The first urea entenng the 
sap and decomposing there increases the concentration of undis- 
sociated ammonia and the pH is raised This promotes the outward 
movement of KX for which there is a favorable partition coefficient 
m both F and X As a result the further decomposition of urea in 
the sap does not raise the pH since the loss of KX is equivalent to the 
loss^ of KOH 

One point remains to be cleared up Since the pH of the sap is 
low when the urea first enters its rate of decomposition would be 
small so that we might expect an induction period in the entrance of 
ammonia But we have never observed one Two things contnbute 
to make it unlikely that we should see one First the amount of 
ammonia required to raise the pH is very small because of the poor 
buffer capacity of the sap, and second the reaction 

2NH, -f CO, =1 (NH,),CO 

IS in equihbnum far over on the side of the reactants Consequently 
even though the efiiaency of the enzyme is low, it takes a compara- 
tively short time to produce an increase in the pH of sap Once this 
occurs the efficiency of the enzyme increases 

Let us now consider conditions at the steady state We should 
expect the entrance of ammonia to cease as soon as concentrations of 
urea in sap and W are equal, which should be when the condition 
(NH3)"..(C02)^ = (NH3)2 „p (C02).op is fulfilled But this cannot 
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happen as long as NHiy is entenng XV and is bemg decomposed by 
COi to form NHiHCOj This process, however, will cease when 

(NH.) „ (HX) 

where cpw refers to the equilibrium layer in the X layer adjacent 
to W But if (HX),p. = which will be the case if HX is dis 

tnbuted equally throughout the X layer, the nght hand terms m 
numerator and denominator cancel, and then at the steady state 
(NH.)„ “ (NH,). 

and a steady state throughout the system will occur when 
{NH.)V.(CO,), » (NH,)>„(CO,)„„ 

But it (CO0„p = (COj)„, which may well be the case, the steady 
state will occur when 

(NH,)V. - (NH.)»„. 

or when 

(NH,)„ = <NH,)„p 

But from a previous paper’ we derive the relationship that 
(NH.) ,(HX) , » (NH,) p(HX) „ 

at the steady state In this expression cop and etp refer merely to 
particular layers of sea water and sap adjacent to the protoplasm, and 
for purposes of comparison of this expression with the one where 
eop and etp can be considered respectively equivalent to sea water and 
sap respectively Further we can assume that corresponding activity 
coefficients m sap and sea water are equal and their concentrations 
raav be substituted for activities 

Using data from the eiqienment described in the previous paper’ 
we find that the steady state becomes = 0 when [HX] p. — [HX],p, 
IS taken as equal to 6 7 

Now suppose we identify HX with CO, In order to satisfy the 
urea steady state equation (CO,). „ — (CO,), will have to be equal” 

” Because for the steady state when urea is concerned 

I NH.l'. _ ICO, Up INHiU. - 5 9 XU)-* 

(NH,Up “ ICO.U 1NH,1„ - X 10-< 
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to 45 This seems vety unlikely in the case of CO 2 which, as we know 
from previous experiments, diffuses very rapidly in the protoplasm 
For this reason it seems unlikely that urea plays any part in the pro- 
cess of ammoma penetration if we regard HX as CO 2 
Urea has served merely as an example of a possible species which 
might operate through an enzyme Instead of fomung urea with 
CO 2 ammoma might add on to an unsaturated linkage of an organic 
molecule elaborated by the protoplasm And if one molecule of 
ammonia adds one molecule of the organic compound, we get for the 
two equations 


and 


(NH, ).(/?)„ = (NH,).(R)„ 


(NH,).„(Hy).w 


= (NH,)„(HX). 


where R is an unsaturated molecule capable of adding on one ammo 
group If HX is distnbuted uniformly in the X layer of the proto- 
plasm, we may combme the two equations to get 

which IS the same sort of equation as we obtained in the previous paper 
Before discussmg possible reactions of the type suggested we shall 
consider the effects of hght on the urea equdibnum 
It was observed that normal hght increased both the rate of ac- 
cumulation and the rate of exit of ammonia and that the induction 
penod was shorter under normal light 

The increased rate of entrance in light is readily explained by as- 
suming that due to photosynthesis the pH immediately at the sea 
water-X mterface is raised so that the rate of diffusion of NIBA'’ 
through X is increased This increases the rate of urea formation 
and therefore the rate of increase of the ammoma concentration m the 
sap But the slowing up of the rates of exit and the lengthemng of 
the induction penod m the dark do not fit as well mto the picture 
The ammonia emergmg from the protoplasm is washed away by 
the flow of sea water to which the cells are exposed Nevertheless 
there is a small but definite concentration of undissociated ammoma 

25 Jacques, A G , and Osterhout, W J V , / Gen Physiol , 1929-30, 13, 695 



A G JACQUES 


S39 


m the sea v?ater and this should increase in the hght at the sea water 
protoplasm interface, so that the rate of difiusion of NHtX through X 
should be decreased The effect might be very small indeed because 
of the very low concentration of total ammonia in the sea water, but 
any effect would be m the opposite direction to that observed 
Light, however, may affect the rate of attainment of the urea 
equilibnum in other ways It is not impossible that hght alone affects 
the rate of urea synthesis and decomposition ** But it seems more 
likely that the results may arise from an increase m the activity of 
the enzyme 

Some recent results by Murakami” indicate that a number of 
enzymes, among them urease, are quite inactive in the dark, but 
become active when illuminated However, the activity decreases 
as the intensity of the hght mcreases But Pmeussen and K.at6’' 
found that prolonged exposure to ultraviolet hght or sunhght gradu 
ally inactivates urease Assuming, however, that moderate hght 
mcreases the effectiveness of the enzyme m the cell we can sec that 
this would explam all the observed effects Espeaally it would ex 
plain why m the exit experiments the mduction period is shorter in 
the hght For if the enzyme is more effective the rate of increase m 
the urea concentration m the sap will be greater, and the urea con 
centration at which the decrease of ammonia concentration in the sap 
begins to be appreciable will be attained sooner Light might also 
influence the rate by increasing the amount of enzyme in the system 
As IS well known in general the rate at which equilibnum is attamed 
in enzyme catalvsis increases with the increase in the ratio of enzyme 
to substrate 

The question may be asked if it is necessary to assume a dual proc- 
ess for ammonia transport usmg both NHiX and urea There is the 
possibility that urea alone accounts for ammonia entrance and exit 

' For photolysis of urea m sunlight see Rao G G , and Pandalai, K M , 
I litdtan Chem Soc , 1934 11, 623 For the synthesis of urea from ammomum 
carbonate solution m ultraviolet light see Fcaron, W R , and M’Kenna, C B 
Biochem / London 1927, 21, 1087 

’Murakami R 7 Asne Client Soc, Japan 1936 12, ISl, 172, 180 709 
1937 13, 46 These papers are m Japanese but English abstracts are supplied 
“Pmeussen L and Kat6 TA , Btochem Z , Berlin, 1923 142, 228 
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On this basis urea must be formed dunng entrance at the protoplasm- 
sea water interface in the presence of an enzyme In the light several 
effects might be present (a) the light might increase the effectiveness 
of the enz}Tne thereby speeding up the entrance of ammoma, (b) the 
light by inducing photosynthesis would raise the pH at the sea water- 
protoplasm interface and this might speed up entrance by bnnging 
the system nearer the optunum pH for the enzyme, (c) the hght might 
slow up the reaction by causing the photosynthetic removal of CO 2 
and thus decreasing the concentration of one of the reactants needed 
for urea synthesis, or (d) the light might adjust the pH at a less favor- 
able point for the enzyme, should the normal pH of sea water be 
nearer the optimum pH than that produced by photosynthesis 
Thus light might have the net effect of increasing the speed greatly, 
leaving the speed unchanged, or decreasing it to greater or less extent 
If It IS to mcrease the speed we should have to suppose that the 
enzjnne effectiveness increases all the way from the pH of the sap 
about 5 6 up to 9 0-9 5 the probable pH in the layer of sea water 
adjacent to the protoplasm This would be an unusually long range 

We now consider possible earners other than urea, such as the amino aads, 
aspartic acid, COOHCNHjlCH CHjCOOH, asparagine, COOH(NH 2 )CH 
CH 2 CONH 2 , and glutamine, COOH(t^ 2 )CH CH 2 CH 2 CONH 2 All these are 
widely distributed in plants, particularly the last two which usually occur to- 
gether-® All of these can lose ammonia in the presence of suitable enzymes 
Aspartic acid can be deanainized readdy in the presence of aspartasetofumanc acid 
Thus, 

/-COOHfNHslCH CH 2 COOH i:; COOH CH = CHCOOH + NR, 

fumanc 

aad 

This reaction, according to Jacobsohn and Tapadmhas®® is a true reversible 
catalysis The equilibrium is established according to results of Quastel and 
Woolf,®* and Woolf®® who used an enzyme preparation extracted from micro- 
organisms when K ^ = 0 01 BorsooL and Huffman®® have 


Schwab, G , Flanta, 1936, 26, 579 

Jacobsohn, K P , and Tapadinhas, J , Biochem Z , Berlin, 1935, 282, 374 
3* Quastel, J H , and Woolf, B , Btochem J , London, 1926, 20, 545 
22 Woolf, B , Btochem J , London, 1929, 23, 472 
” BorsooL, H , and Huffman, H M , / Btol Chem , 1932, 99, 663 
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calculated the free energy changes in the production of fumanc aad from I aspartic 
acid, and have compared the result with that calculated from the cquihbnum 
given by Quastel and Woolf They agree with Jacobsohn and Tapadmhas that 
the reaction is a real reversible catalysis 

The optimum pH for the enzyme appears to be between 7 0 and 7 5,®* and at 
5 5 the action ceases I asparagine can be hydrolyzed in the presence of a specific 
enzyme asparaginase, to I aspartic acid but it is not certain that this is a really 
rev ersible catalysis Some investigators believe that the asparagine is completely 
hydrolyzed m the presence of the enzyme Geddes and Hunter^* support this 
view They fix the optimum of the reaction about at pH 7 9 and find that it is 
stiU active down to 5 5 and up to 10 5 Suzuki** also found that the asparagine 
was completely hydrolyzed His optimum value was 8 10 However, the results 
of Bach who was unable to get more than 80 per cent hydrolysis, suggest that 
an equilibrium is set up Bach’s optimum pH was 8 6 and the range of enzyme 
acbvity is from pH 6 S to pH 10 Schmalfuss and Mothes*® also believe that the 
reaction is a reversible one resulting in the formation of a salt, ammonium 
aspartate, 

COOH CH(NHiKH,CONH, + H»0 ^ COOH CH (NHjKHjCOONH^ 

They fix the optimum at 7 7 — 7 8 and the range of activity of the en^mae from 
pH 6 to pH 10 It wCems probable to us that the reaction is a reversible catalysis, 
but that the equilibrium point is far over on the side of the aspartic aad 

^Vhether or not this is so, it is clear that m the plant asparagine can be formed, 
possibly through the effect of another enzyme*® 


** According to Virtonen and Tamancn (Virtanen, A I , and Tamanen J , 
Bxechem Z , Berlin, 1932 260, 193) the optimum is from 7 0 to 7 5 and the enzyme 
IS no longer effective at S 5 

Geddes, W F and Hunter A , J Biol Chem , 1928, 77, 197 
*® Suzuki Y J Biochetn , Japan, 1936 23, 57 
»^Bach D Bull Soc chim tiol , 1929, 11, 119 
*• Schmalfuss K , and Mothes K , Biochem Z , Berlin, 1930 221, 134 
*®In this connection, Kultzscher (Kultzschcr, M, Flonta, 1932, 17, 699) 
says that the equilibnum, amide nitrogen ^ ammonium salts vanes greatly 
w ith the pH of the sap In plants with saps below pH 5 the tendency is to store 
nitrogen as ammonium salts and above that as amide This suggests to us that 
m plants with saps of low pH the enzyme is so meffective that amides such as 
asparagine and glutamine cannot form very rapidly It should be noted that the 
NHj groups in aspartic and glutamic acids are ammo groups not amide groups 
An ammo group is not hydrolyzed off in the presence of a hydrolase such as 
asparaginase Indeed apparently it cannot be removed by hydrolysis which 
would leave an hydroxy aad, under natural conditions But instead the amino 
group is oxidized off as ammonia, leaving behind an unsaturated aad 
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The situation with glutamine is not yet clear The recent work of Krebs'’" 
indicates that there are at least two enzymes which can be classed as glutamascs 
The one obtained from kidney tissue appears capable of hydrolyzing glutamine or 
causing its synthesis from glutamic acid and an ammonium salt The optimum 
pH IS at 7 4 and the range from 5 9 to 8 6 at least The author did not explore 
the limits further 

Now if any one of these amino acids acts as ammonia carrier it may be expected 
to operate in the following way If aspartic acid is concerned In the presence 
of the enzyme fumaric acid acquires an ammo group by uniting with undissociated 
ammonia thus setting up a gradient of aspartic acid across the protoplasm The 
aspartic acid moves to the protoplasm-sap interface where it is decomposed in the 
presence of the enzyme and the undissociated ammonia goes into the sap If 
this IS the correct explanation accumulation could occur until [NHaji = [NH 3 ], 
provided the fumaric acid is distributed uniformly through the protoplasm if 
equilibrium could ever be established In most cases we should not expect this 
Instead, owing to the lower pH at the sap-protoplasm interface the enzyme would 
be less effective Hence the concentration of aspartic acid at the sap protoplasm 
interface would equal that at the sea v/ater-protoplasm interface before [NHaji = 
(NHaJ, 

Either asparagine or glutamine would operate in the same way as aspartic acid 
except that the reaction in this case involves the loss of a molecule of water per 
molecule of ammonia reacting 

It IS unnecessary to carry the argument further The same con- 
siderations applying to the transport of ammonia as urea could apply 
to its transport as an amino group But if ammonia enters by the 
formation of an amino group the scheme "which best fits the experi- 
mental facts IS as follows 

All the ammonia is transported as amino groups which add on to the 
unsaturated linkage of an organic species Ji elaborated wholly or 
chiefly at the sap-protoplasm interface 

This IS preferable because the rate equation during accumulation 
which can be derived from it is analogous to the one found to fit in 
the previous paper except that m place of the acid HX we substitute 
the organic species i? 

In a previous paper" the rate equation could be put in the form 

/> 

2 3 c® 

-P'" = — Jog i, 

^ — X 


Krebs, H A , Biochem J , London, 1935, 29, 1951 
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where P'" is the permeability constant, b = concentration of KX or 
alternately of R at the sea water protoplasm interface, c = concen 
tration of HX or R at the sap protoplasm interface, and a and x are 
the concentration of undissociatcd ammonia in sea water and sap 
respectively In the previous paper wc interpreted the results to 
mean that 

=6 aajflp. 

In the present case we assume that the effective concentration of 
R,pi = R,^ The necessity for introducing R m place of HA is ap 
parent only when we consider the ent of ammonia The neutraliza 
tion reaction to form NHiA must be regarded as practically instan 
taneous, but the ammation of the R may be slow and the induction 
period can be attributed to the relative ineffectiveness of the enzyme 
as a catalyst under certain conditions 

SUMMARY 

The exit of accumulated ammonia from the sap of Valoma macro 
physa, Kutz , into normal (nearly ammonia free) sea water, has been 
studied m light (alternation of daylight and darkness) and in darkness 
Exit is alwaj s preceded by an mduction period lasting 1 or more days 
This IS longer m darkness After exit starts the rate is greater in 
light than in darkness 

The pH of the sap drops off soon after the cells are exposed to 
normal sea water even before any defimte decrease in the ammonia 
concentration of the sap has occurred This suggests that the de 
crease in the pH is due to the loss of a very small amount of NHj 
or NHiOH without a corresponding gam of sodium as a base 
In most cases sodium replaced the ammonia lost dunng exit, but 
there is some evidence that potassium may also replace ammonia 
To account for the induction period it is suggested that other 
speaes than NIEY are concerned in the transport of ammonia, for 
example urea or ammo aads 
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Between 1929 and 1931 Abramson (1929, 1934) earned out many 
measuTcments of the electrical mobilities of red cells and of the ghosts 
produced by various forms of hemolysis He found that after hemol- 
ysis by water, the mobility is unchanged, as it also is if 1> sis is produced 
by small quantities of sapomn, or by small amounts of complement, 
he therefore concluded that hemolysis can occur without necessitating 
a radical change in the chemical constitution of the surface, and put 
forward the idea that for hemolysis to occur it may be necessary to 
affect only certam ^^key spots, occupymg only a very small portion 
of the cell surface 

The purpose of this paper is to extend the observations, and to bring 
the results into relation with those obtained by certam other methods 

Methods and Preparations 

The electrophoresis measurements vere made m the Abramson horizontal 
microelectrophoresis cell, and the technique used was that developed b> Abram 
son (1929 1934) and more recently described by Moyer (1936) The electro- 
phoretic mobihties were obtained from measurements at the stationary levek 
as checks m the majonty of determmalions however, measurements were also 
made at levels throughout the cell and parabolae plotted The mobilities ob 
tamed by the mtegration of these patabobe alwavs agreed withm 5 per cent with 
the corresponding mobihties obtamed from stationar> level measurements The 
measurements were all earned out at room tempeTature and the mobilities con 
verted to mobihties at 25 C by allowing a 2 per cent mcrease per degree A1 
though the same electrophoresis cell was used for most of the measurements a 
few of the detenmnations on unlysed red blood cells and watery ghosts were made 
m a second cell of the same type The mobilities obtamed m the two different 
cells checked exceedingly well with one another 

The solution m which the red blood cclb and ghosts were suspended for 
545 
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electrophoretic measurements was an isotonic buffer-glucose solution of pH 7 2 
It was made by mixing 10 cc of a m/15 phosphate solution (prepared by adding 
70 cc of m/15 Na 2 HP 04 to 28 cc of m/15 KH 2 PO 4 ) and 90 cc of a 5 4 per cent 
glucose solution The buffer-glucose solutions were all freshly prepared In 
some determinations, as will be pointed out later, various concentrations of 
saponin were also included in the phosphate buffer-glucose solution The unlysed 
erythrocytes, ghosts, oil droplets, and quartz particles on which mobility deter- 
minations were made were always first suspended in suitable concentration in 1 
per cent NaCl before being added to the buffer-glucose solutions, 0 3 cc of saline 
suspension being mixed with 40 cc of buffer-glucose solution The specific re- 
sistance of each suspension was determined at the same temperature at which 
the measurements were made 

The blood from which the cells were obtained was fresh, defibrmated rabbit 
blood The cells were first washed three times with 1 per cent saline and finally 
suspended in 1 per cent saline 

“Watery ghosts,” formed by Ivsis of erythrocytes with a hypotonic solution, 
were prepared as follows The cells from 10 cc of defibrmated blood, after three 
washings, were made up to the original volume by the addition of 1 per cent 
sahne, and to the 10 cc of cell suspension 60 cc of water was added After 
about 10 minutes, 10 cc of 7 per cent saline was added, making the resultmg 80 
cc of suspension fluid isotonic The suspension was immediately centrifuged at 
high speed in celluloid cups for 15 minutes, the supernatant fluid removed, and 
the ghosts suspended in salme No attempt was made to free them of the hemo- 
globin remaining in them 

“Freezing-and-thawing ghosts” were prepared as follows A suspension of 
cells from 20 cc of defibrmated blood, twice washed, was placed in the bottom 
of a 250 cc beaker, and the beaker set upon a flat cake of dry ice The suspen- 
sion was allowed to freeze solidly, and then to thaw at room temperature The 
resulting hemolyzed cells were then washed from one to three times, the number 
of washings being sometimes limited by the low yield of ghosts, and were finally 
suspended in 1 per cent saline 

“Chloroform ghosts,” the result of hemolysis with chloroform, were prepared 
as follows A suspension of red cells from 10 cc of defibrmated blood, twice 
washed, was added to about ISO cc of 1 per cent sahne saturated with chloroform 
After about 10 minutes had been allowed for hemolysis, the suspension was sub- 
]ected to high speed centrifugation for about 15 minutes The ghosts thrown 
down were washed and finally suspended in 1 per cent saline in the same manner 
as the freezmg-and-thawmg ghosts Both freezmg-and-thawing ghosts and 
chloroform ghosts, if washed three times, are quite white m color 

“Saponin ghosts” were made as follows Washed cells were added to the 
already described phosphate buffer-glucose solution (0 3 cc of cell suspension to 
40 cc of solution), containing in this case, however, also enough saponin (0 1 per 
cent or 0 01 per cent) to hemolyze them Electrophoresis measurements were 
made directly on the saponin ghosts in the solutions in which they were prepared 
In connection with saponin ghosts, mobility measurements uere also made on 
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nnlysed red blood cells m buffer glucose solutions containing insufficient concen 
Irations ol saponin iorl>5is,nainel> 0001,00001, and 0 00001 per cent ol saponin 
Mobility measurements were also made on microscopic quartz particles and 
paraffin oil droplets in buffer glucose solutions containing vanous concentrations 
of saponin The suspension of oil droplets was made by shaking the oil vigor 
ously with 1 per cent saline for about half an hour The droplets of which the 
mobihties rvere determined were about 1 p m diameter 

RESULTS 

In Table I are given the mobilities found for unhemolyzed rabbit 
erythrocytes and for ghosts of rabbit erythrocytes prepared bj lysing 


TABLE I 


Condition o( celli 

1 Moblbty 

1 Average mobil ly 


1 l^tUfcm 

1 ulttc IwUlm 

Unlysed cells 

1 1 01 (a) 

1 03 (b) 

1 02 (c) 

1 01 (d) 

1 OS 

1 1 03 

1 

Watery ghosts 

1 

1 11 

1 00 

1 01 (a) 1 

1 02 (b) ! 

1 03 

Freezing and thawing ghosts 

1 OS ! 

1 02 (d) 

1 05 

Chloroform ghosts 

1 15 

1 00 (c) ' 

1 08 


With water, by freezing and thawing, and with chloroform The 
mobilities of all are within experimental error of one another In 
several cases both the mobihty of the unlysed ceils and that of the 
ghosts in question was determined m the same suspension in the 
electrophoresis cell at the same time The excellentagreement of such 
simultaneous!) determined mobihties, which are marked by similar 
letters m the second column of Table I, shows that there is no detect 
able difference between the mobility of unhemolyzed rabbit erythro 
cytes and the mobihties of their ghosts formed by lysing with water, 
by freezmg and thawing, or with chloroform Further evidence of the 
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agreement of these mobilities is presented in Fig 1 In it electro- 
phoretic mobilities of intact red cells, watery ghosts, freezing-and- 
thawing ghosts, and chloroform ghosts at various depths in the same 
electrophoresis cell (in separate suspensions in separate determina- 
tions, however) are plotted against the fraction of depth in the cell 



Fig 1 Closed circle, unlysed cells, open circle, wateij'' ghosts, closed triangle, 
freezmg-and-thawing ghosts, open triangle, chloroform ghosts 

Theoretical parabola obtained from plotted points by method of least squares 

In Table II are presented the mobilities of unhemolyzed rabbit 
erythrocytes and saponin ghosts m phosphate buffer-glucose solutions 
containing vanous concentrations of saponin As mentioned above, 
unlysed red cells were added directly to these solutions, and in the two 
solutions containing the higher concentrations of saponin the cells 
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were hemolyzed The mobilities m Table 11 were determined from a 
senes of measurements made in a smgle day, and all of the mobilities 
agree with themselves and with the mobilities in Table I within expen- 
mental error The unl> sed rabbit red cells in the presence of various 
non lytic concentrations of saponin, and the sapomn ghosts in the 
presence of lytic concentrations, have the same electrophoretic mobil- 
ity, as far as our experimental results indicate, as unlysed rabbit red 
cells, watery ghosts, freezmg and thawing ghosts, and chloroform 
ghosts in saponm free solutions 


TABLE n 


&«pOTuB conctitUkUoti 

1 llikbQtiy 

1 Condittotv o! 

^tr ttM 

1 it/ttt Itolljtm 

i 

Zeto 

\ 08 

1 Unlysed 

0 DOOOl 

1 09 

(1 

0 0001 

1 09 

‘ 

0 001 

i ir 

t 

0 01 

i 16 

Ghosts 

0 1 

1 09 

It 


TABLE m 


S»Qo&ta ctntealikbon 


Otlraotitliiy 

per (tfH 

, fi/ttt /eelt/tm 

p/see hoU/m 

Zero 

3 47 

3 81 

0 0001 

3 47 

— 

0 001 

3 40 1 

3 48 

0 01 

3 19 1 

2 93 

0 1 

2 69 

2 75 


In view of the possibility that saponin might form an adsorbed film 
on the red cell surface, an attempt was made to deternime the mobility 
of saponin covered surfaces Table III gives the mobihties of quartz 
particles and paraffin oil droplets in phosphate buffer dextrose solu 
tions contammg vanous concentrations of saponin The mobihties 
for quartz particles and oil droplets at the same intermediate saponm 
concentrations are not strictly comparable, for the quartz particles 
were in very much greater concentration (thus affording more surface) 
in suspension than were the oil droplets However, in the suspensions 
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containing 0.1 per cent saponin, where there was surely enough saponin 
to cover all of the surface of the quartz particles and oil droplets, the 
mobilities are within experimental error of each other It would 
appear from these results that saponin is adsorbed on both quartz 
particle and oil droplet, lowering their mobilities with increasing 
adsorption until they both have complete surface films of saponin and 
therefore the same mobilities The electrophoretic mobility of 
saponin-covered surfaces therefore seems to be somewhat over 2 5 
m/scc /volt/cm , considerably higher than the mobility of about 
1 07 /x/sec /volt/cm of unlysed red cells and saponin ghosts in the 
same buffer-glucose solution containing various concentrations of 
saponin 

DISCUSSION 

It is surprising that these different forms of lysis, which correspond 
to a variety of degrees of injury to the red cell, should be unaccompa- 
nied by any change in f-potential The watery ghosts have a resist- 
ance and capacity virtually the same as that of the intact cell (Fricke 
and Curtis, 1955), although, over a period of minutes, they arc perme- 
able to cations (Davson and Ponder, 1938), on the other hand, they 
are impermeable to hemoglobin (Fricke, Parker, and Ponder, 1939), 
and exhibit the typical biconcave shape of the mammalian red cell 
So far as it goes, the evidence is that this form of lysis is the result of 
the cell membrane being stretched beyond its normal area (Ponder, 
1937, Castle and Daland, 1937), and that the permeability to pigment 
which results is followed by some sort of repair process The resist- 
ance and capacity of the frcezing-and-thawmg ghosts is also like that 
of the intact cell, although there is a peculiar frequency dependence 
of the capacity (Fricke and Curtis, 1935), these ghosts are also slowly 
permeable to cations But they are permeable to hemoglobin,^ 
and the biconcave shape is lost The action of the chloroform is pre- 
sumably to dissolve out or otherwise disorient the lipoid components 
of the cell ultrastructurc, the chloroform ghosts are permeable to 
cations and to pigment, and again the biconcave shape is lost The 

1 At least in the direction from inside to outside, for they can be washed free 
of the residual hemoglobin which remains in watery ghosts Watery ghosts arc 
impermeable to hemoglobin placed m the fluid surrounding them, but we have 
no information about a similar impermeability of fieezing-and-thawing ghosts 
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action of saponin is probably the most drastic of all, for this lysin can 
react with both the protem and the lipoid components of the membrane 
ultrastructure (c/ Schulman and Rideal, 1937) The ghosts arc 
roughly spherical, and are permeable to both cations and to pigment, 
and if sufficient saponm is used the resistance and capacity disappear 
entirely ‘Whether this is due to all the cells becoming more and more 
permeable as time goes on or as the concentration of saponin is in 
creased, or to an increasing number of the cells becoming totally 
permeable in an all or none fashion, is not entirely clear At all 
events, increasing quantities of the lysm are taken up bv the cells as 
time goes on (Ponder, 1935), and this presumably corresponds to 
increasmg injury 

Nevertheless the electrical mobility is the same in all cases, and the 
same as for the intact rabbit red cell It is difficult to account for 
this, but there are at least two lines of speculation open 

The first of these is Abramson’s key spot hypothesis, which suggests 
that lysis results from certain key spots in the cell membrane breaking 
down, the greater part of the surface, however, remaining much as it 
was before The results of “fading time” experiments tend to support 
this view in the case of lysis by hypotonic solutions (Davson and 
Ponder, 1938), Ca stearate monolayers (Ponder and Neurath, 1938), 
dilute saponm solutions (Ponder and Marsland, 1935), and possibly 
chloroform (Davson and Ponder, 1938) , the fading times are such as 
would be expected if there were 10 to SO holes of 250 A through which 
the pigment could escape, and their total area would be anything 
from l/10,000th to l/2,000th of the area of the cell surface * The 
difficulty arises when we have to consider the case of concentrated 

* Fncke and Curtis discuss the matter from the latter point of view If the 
resistance and capacity of any cell are lost m an all or none fashion after saponin 
hemolysis and if the loss is followed by dismtegmtion (ns Fncke and Curtis seem 
to think) , It may be that the ghosts whose electrical mobiUty we have measured 
are structures which still retain their normal resistance and capacity The alter 
native possibihty , that a partial or complete loss of resistance and capacity is 
accompanied by no change m mobihty, would be very mterestmg 

’ In order to account for many immunological reactions it is convement to 
postulate the existence on the cell surface of key spots with specific reactivities 
but the hey spots referred to m this paper arc not necessarily of this Lmd In the 
meantime, it is better to regard them as merely the weakest spots m a membrane 
which, from its very nature, is unlikely to be altogether homogeneous 
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saponin solutions {eg 1 in 1000), for, whether as judged by fading 
tunes or in any other way, such concentrated solutions, acting over 
considerable penods of tune, are unhhely to have so restricted an 
action 

The second possibihty is suggested by the particular form of the 
membrane ultrastructure (Schmitt, Bear, and Ponder, 1937 and 1938) 
As we now conceive it to be, the cell membrane has an outer, tangen- 
tially arranged, network or lattice of protein, probably the stromatm of 
Jorpes (1932) and Boehm (1935), and probably only a few molecules 
thick Within this, there are radially arranged layers of hpoid, not 
more than two or four in number, and within this again is another 
la3mr of protein intimatel}’’ connected with the gel of stromatm which 
Boehm beheves, probably correctly, to fill the cell mtenor It is 
possible that it is the outer protein layer, with its polar groups, which 
IS responsible for the electrical mobihty, while lysis results from the 
destruction or disorientation of the more deeply seated non-polar 
hpoid layers, which contnbute little to the surface charge All the 
lytic agents considered, m fact, may leave the layer responsible for the 
electncal mobihtj^ relatively untouched * 

The other pomt which emerges from this investigation is that the 
red cell ghost apparently does not adsorb a layer of saponm as do oil 
droplets and quartz particles This is of interest m view of the fact 
that the red ceU surface is the only surface hitherto investigated which 
does not adsorb gelatm, apparently it has quite special properties 

SUMMARY 

Measurements of the electrical mobility of washed rabbit red cells 
and of ghosts produced by hj’^potonic solutions, freezing-and-thawing, 
chloroform, and sapomn were made m the Abramson horizontal micro- 
electrophoresis cell These different forms of lysis, which corresponds 
to a variet)'^ of degrees of injury to the red cell, are unaccompanied by 
any change in electrical mobihty These observations are discussed 
from the standpoint of the possible structure of the cell membrane 
and the action of lysins upon it 

* The investigations of Monaghan and White (1936), and of Byler and Rozen- 
daal (1938) show that the reactivity of the cell surface to gelatm and chicken 
serum is somewhat altered These obser\'ers agree, however, that the electncal 
mobihty of the hemolyzed watery ghost is the same as that of the normal cell 
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THE FLICKER RESPONSE CONTOUR FOR THE GECKO 
(ROD RETINA) 

W 3 CROZIER MID ERNST WOLF 
(rrom On Siolognal LaioralonUt Barvard University, Cambridge) 
(Accepted for publication, November 21, 1938) 

I 

By cytological catena the retina of the gecko is devoid of cones 
The visual cells are structurally rods,* and are assooated with a visual 
purple * Determinations were made of the interdependence of flash 
frequency and flash lUununation for threshold response to visual 
flicker, using the speaes Sphaerodaclylus maguae Noble These 
measurements give a flicker response contour for flash cycles with 
equal hght and dark tunes, at a particular temperature The com- 
parison of this function with that obtained for the turtle Pseudmys,* 
with pure cone retina, provides matenal for cntically evaluating cer 
tain aspects of the duplexity doctrme of visual performance in ver- 
tebrates 

The duplexity doctnne* has endeavored to bang together the proof 
of the composite character of the curves of visual performance as seen 
in most vertebrates, the known presence in these animals of at least 
two chief histological types of receptor elements, the relations of these 
to the ethological types of predominantly diumal or nocturnal ac 
tiinty, and the spatial distribution of excitabihty in the (human) 
retina Retinal rods are held to be connected with scotopic, indis- 
tmet, colorless vision, cones with photopic vision, distinctness, and 

* Rodion Duvigncaud A , Ann d'acuhsl, November, 1917, 16 Detwiler, 
SR,/ Camp Neurol , 1923, 36, 125 Vemer M L , Bull biol France et Bel 
gique, suppl 20, 1935 140 pp 1937 71, 238 

* Detwfler, SR,/ Comp Neurol 1923, 36, 125 

* Proc Nat Acad Sc , 1938, 24, 125, 216 / Cen Physiol 1938-39, 22, 311 

'Cf mtations in Proc Nat Acad Sc , 1938,24, 125, 1939, 26, m press 
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color The measurement of the flicker response contour affords a 
precise estimate of important features of visual performance, since it 
depends upon a limiting case of intensity discrimination ® The data^ 
on the turtle Pseudeinys, with pure cone retina, gave an unequivocal 
instance of the direct correlation of one class of retinal elements with 
one class of excitation elements The — log 7 curve is here a simple 
probability integral over its whole extent, whereas for vertebrates 
having both rods and cones it is a duplex affair ® This curve has the 
general properties (F„ax , position on the intensity scale, and standard 
deviation of the first derivative) characteristic of the so called cone 
section of the duplex F — log I curve for typical vertebrates It 
IS of considerable interest to discover if a known purely rod retina 
will provide a similar comparison with the so called rod segment of the 
duplex curves 

It could be expected that if this should be the case the F — log 7 
contour for the gecko would be a single probability integral, not du- 
plex, rising to a comparatively low maximum, having a comparatively 
large <r'ios / and a low value of the abscissa of mflection (t') In ex- 
pecting a single simple curve we, of course, ignore possible effects 
associated with the occurrence of both single and double rods,^ since 
m Pseudemys^ no complications are introduced by the existence of 
double cones ’’ The maximum F expected (under the same conditions 
of experimentation) could well be higher than for the “rod” segment 
in duplex curves, this could be due simply to the presence of a rela- 
tively larger number of excitation elements Conditions experi- 
mentally known to elevate F^ax are increase of retinal area® and de- 
crease of the light time fraction in the flash cycle,® these procedures 
also, and m the same proportion, lower t', hence increase of Fmax 
should in the gecko case be expected to tend to lower t, and thus to 

«/ Gen Physiol , 1935-36, 19, 503, 1936-37, 20, 393, 1937-38, 21, 313 
6/ Gen Physiol, 1935-36, 19, 495, 1937-38, 21, 17, 203, etc 
^ That such effects are not impossible (although certainly not demonstrated) 
was suggested by the tripartite character of the P - log I contour for the newt 
Trituriis (^Proc Not Acod Sc , 1938, 24, 125 J Fxp Zool , 1939, in press) 

8 J Gen Physiol , 1937-38, 21, 223 
9/ Gen Physiol , 1937-38, 21, 313, 463 
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assist rather than interfere m the analogj with rod properties in other 
vertebrates if the comparison is really appropriate 
For reasons which may be relevant and partl> valid in the long run, 
it was suggested'" as a result of the analytical dissection of the duplev 
F — log Z contour for fishes that the rod contribution might be found 
to decline at higher intensibes, if it could be separately examined in 
isolation It naturally does not necessarily follow that (m terms of 
the duplicity theory) the flicker curve (whatever it may prove to be) 
for a completely color blind human bemg should exhibit this behavior, 
in the nature of the situation, one cannot verv well demand to ex 
amine the retina in point under the microscope From the standpomt 
of elementary logic a considerable fraction of the argumentation and 
interpretation mvolving the duplexity theory has been of an eminently 
arcular character Aside from all this, however, there is now a basis 
for the suggestion" that the decline of the rod curve may, in a duplex 
flicker contour, be the result of inhibitory influences due to the ex- 
atation of "cone” connected elements 

n 

A supply of the small nocturnal gecko Sphoendaclylm tnogiwe Noble was 
collected for us at Matthew Town, Great Inagua, Bahama Islands, by Mr R A 
McLean m the summer of 193S We are very grateful to him for this assistance, 
and for his bnnging them to us We are indebted to Dr Thomas Barbour, 
Director of the Museum of Comparative Zoology, for his identification of 
the speaes 

The animals were kept in msectary cages, provided wuth pieces of broken 
flower pots givmg dark recesses and periodically supplied with living Drosophila 
Over half the geckoes lived upwards of 3 weeks after amval in Cambndge at 
room temperature 26-27 5® 

The apparatus used for tests involvmg response to visual flicker'- is such as to 
require that the animals tested be rather small (not over about 12 cm long) 
The speamens of Sphacrodaclylm were not over 7 cm m length With a ter 
restnal reptile one cannot maintain the same control of temperature as is possible 
w ith the small aquatic forms we have used hitherto The mean temperature was 
reasonably constant however, at 26 7 , with a PJs of the dispersion of the read 
mgs on various days e. o 206® the extreme deviations were at 26 4® and 27 1® 

Gen I’/iysicI , 1936-37 20,411 1937-38 21, 17 
" J Gen Physwl , 1938-39 22, 463 Froc Nat Acad Sc , 1938, 24, 542 
"y Gen Phiswl, 193a-36 19, 495, 1936-37 20, 211 
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The temperature of lizards is likely to be a little below that of the environment” 
(due to evaporation of water), but probably by not more than 0 2° 

Sp/:aerodaclylus is not particularly active in the daytime There appeared 
to be no definite indication of periodicity m this respect, day or night Indivi- 
duals were taken at random, a group of 10 being used for each test On each 
of these three observations were taken The average of the mdividual means 
(Ii or Ft) IS recorded as I„ or Fm ” The data are thus not homogeneous, since at 
the different pomts (Fig 1) the individuals used are not the same group The 
comparative general form of the F — log 7 contour was the pnmary objective 
Each set of readings was preceded by 45 mmutes dark adaptation When tested 
by exposure to gradually increased flash intensities, or to gradually reduced flash 
frequencies with fixed intensities,” the animal is usually motionless until at a 
certam level of I (or F) there occurs a bendmg of the head agamst the direction of 
movement of the revolving stnpes, with head nystagmus This is the threshold 
response In some cases the gecko bends the head ventrally, and makes slight 
rotatmg motions with it The critical readmgs were not based on this response, 
as it is difficult to see at low mtensities Head nystagmus occurs regardless of the 
position of the gecko m its jar, whether radially onented with reference to the 
striped cylmder or parallel to the cylmder facmg with or agamst the stnpe motion 
The response is mffibited by stereotropic effects if there is contact with the wall 
of the contammg cylinder The clearest threshold responses are obtamed when 
the gecko is facmg m the direction of rotation of the stnped cylmder, but not 
parallel with the wall The animals are so quiescent that they may be put in this 
position before observation is begun Adaptation dunng the observations is not a 
factor, a series of as many as twelve readmgs taken m succession shows no trend 
m the cntical mtensity over some 10 mmutes 


in 

Table I contains the results of determinations of critical flash fre- 
quency at fixed flash intensities, and of critical illumination at fixed 
flash frequencies The flash cycle was of equally long light and dark 
intervals The slit ins in the gecko is highly active A plot of the 
measurements in Table I, given in Fig 1, shows that below flash in- 
tensities ca 0 0002 milhlambert the cntical intensity at given flash 
frequency is abnormally lowered This implies that at these lower 


12 Cf Hoagland, H , 1927-28, J Gen Physiol , 11, 715 
” Free Nal Acad Sc, 1936, 22, 17, 1937, 23, 23 J Gen Physiol, 1936-37, 

20, 211, elc 

i®J Gen P/jy 5 Joi , 1936-37, 20, 211, 363 

iCLoeb T Arch ges Physiol, 1891, 49, 175 Ehrenhardt, H, 2 vergleich 
Physwi %ii 24, 248 Ohm, J , Arch Ophth , Leipsic, 1931, 126, 547 
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TABLE I 

Mean critical flash frequenaes (P per sec.) at fixed flash intensities (miUi 
lambcrts) for the gecko SphaerodactyUis Tlash cycle with light time {ti) equal 
to dark time (fp) Temperature - 26 7® ± 0 06® At each point three observa 
lions were token on each of 10 individuals, hut not the same 10 individuals the 
data arc thus not truly homogeneous, m three instances (log I » 2 5, T 5, 1 5) 
the differences between the means from duplicate tests exceed expectation 
P.E iFt IS the P E of the dispersion from which f « is computed (see text) 
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flash intensities the ins opens This interpretation agrees with direct 
inspection, and can be checked by the closing of the ins with pilo- 
carpine (Table II), this raises the cntical intensity, in this region of 
the distortion of the graph, to a level which is theoretically predictable 
(see below) On the other hand, attempting to increase the disten- 



Fig 1 Data in Tables I and II The flicker response contour for the gecko 
Sphaerodaclylus, temperature 26 7°, light time fraction m the flash cycle = SO 
per cent Below flash intensity = antilog ca 4 3, the expansion of the ins 
opening increases the effective intensity (see text), points obtained with ins 
constricted by pilocarpine (Table II) are distinguished by loiver tags, this effect 
IS checked by the action of atropine, ineffective in modifying the curve below 
log I =4 3, but increasing the critical flash frequency at higher intensities where 
pilocarpine is without effect, points obtained after instillation of atropine bear 
upper tags Open circlets, F„, solid circlets, The curve is obtained (c/ 
Fig 4) as described in the text, it is a probability integral 

tion of the ins opening by instilling atropine solution (Table II) 
in this part of the graph produces no real effect on the critical inten- 
sity In the upper portion of the graph (c/ Table II and Fig 1), 
conversely, pilocarpine is without effect, but the opening of the ins 
under atropine lowers the cntical intensity and raises the critical 
flash frequency 




W J CROZIER AND ERNST WOLF 


561 


The variation of I\ follows the rule umfonnly found^’ in other cases P E /, is 
directly proportional to /■, (Fig 2), and the proportionality constant is of the same 
order of magnitude as in other animals There is no break in the plot of log 
P E / V5 log /«, as m various other instances in which we deal with a single rather 
than a duplex population of elements of excitation * ® 

The vanation of Fi (Fig 3), in correlation'* vnth the low slope of the F — log I 
curve (Fig 1), is low It clearly tends to pass through a maximum, just beyond 
the inflection of F ir log /,'* as in other cases The relative scatter of P E r, 
is probably constant, as larger numbers of observations would make clearer The 

TABLE n 

The effect of dilatation of the pupil of the gecko by airopme is to lower the 
cntical intensity for response to flicker at a fixed flash frequency F, or to raise 
the cntical flash frequency F« at a fixed flash mtensity I The normal values of 
F« are taken from Table I, of from the curve in Fig 1 and F* were ob 
tamed from sets of three observations on each of 3 individuals (see text), the 
PE s are for the dispersions See Fig 1 


log/ 

Fm 

F 

log/-* 

Jog 

1 00 

11 74 ± 0 108 

11 22^0 0570 

11 2 

3 9437 

2 00 

4 6651 

1 00 1 

16 10 0 211 1 
15 60^0 453 

15 8 

2 9426 

3 6611 




7 03 



The result of constnetmg the pupil by pilocarpine is the reverse of the above and is 
more pronounced at the lower end of the F log I curve 


1 781 ± 0 116 

2 62 ± 0 0249 

1 8 

6 0082 

7 4701 



S soo 


1113 ± 0 147 

11 22^0 0570 

11 2 

2 0107 

4 6430 



2 00 



extent of this scatter is mfluenced by the fact that the 10 mdividuals used were 
not the same for the different tests This probably also accounts for the fact that 
the Fm points (Fig 1) do not clearly fall above'* '* the curve for /«, as the 
oretically required and found for homogeneous data In the analysis (Fig 4) 
of the Fwi and curves, hoN\ever it is clearly necessary to assign a slightly higher 
maximum F for the Fb data as theory" requires 

"J Cm PAyrioi , 1935-36, 19, 503 1937-38, 21, 313, efc 

'*/ Gen FAyiiof , 1938-39, 22, 311, 451 1936-37,20,363 1938-39, 22, 
m press 
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Fig 2 Log P E ij, vs log The proportionality of the variation of critical 
intensity to mean critical intensity is simple and direct (the slope of the line- 
band — IS unity) Data in Tables I and II, symbols as m Fig 1 



Fig 3 P E ip,as a function of log 7 PE is plotted on a logarithmic scale, 
since <Tp B IS proportional to P E if the material is sufficiently homogeneous, 
and the vertical spread of the band in this plot should therefore be constant 

IV 

Taking into account the correction for the activity of the ins, con' 
sidering that below log / = 4 3 the opening of the ins mechanically 
distorts the plot (Fig 1) by altering the intensity scale, we may test 
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the apphcation'* of the probabihty integral by means of the graph m 
Fig 4 For the data (Table I), F„„ is taken as 26 79, for the 
measurements, F„„ = 26 51 The position of the points with ms 
constricted by pilocarpme is also mdicated m Fig 4 The descnption 
of the data is clearly adequate The curve drawn in Figs 1 and 5 



Fig 4 The data of Table I on a probability gnd (see also Fig 1) Discussed 
m the teat For sohd dots - 26 51, for F„, open circlets, F„ ■= 

26 79 see text The deviation at the lower end, and the significance of the circlets 
with tags, are discussed in the text and m the legend of Fig 1 

IS the average of the two very slightly different ones shown super- 
imposed in Fig 4 (» e , with the sbghtly different values of each 
made equal to 100 per cent) 

The analytical form of the F — log I contour for the gecko is there 

Proc Nat Acad Sc 1937 23, 71, 1938,24, 125 J Gtn Physiol 1937-38 
21,17 1938-39,22,311,451 
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fore the same as for other animals Particular effort was made to 
detect any downward swing at the upper end of the curve, but within 
the limit of intensity afforded by the apparatus it does not materialize 
The value of F^ax is lower than any previously found for other dark 
adapted vertebrates, or for invertebrates This could result from the 
small size of the population of sensory units The inflection point in 
the curve comes at a level of r' which corresponds to that for the cone 
curves of vertebrates m general Comparison with the flicker contour 
for the turtle, Pseudemys, having purely cone retina,® is most clearly 
made by bringing the respective curves to the same value of 
= 100 per cent This does not change t', and allows the comparison 
of the spread constants (cr' jogi) since the form of the function is the 
same m the two cases The data were obtained by the same procedure 
and with the same apparatus Under given conditions (^ e , of light 
tune cycle-fraction, and constancy of retinal area) Fmax is specific 
for the type of animal and is not directly correlated with t' or o-'iogr 
The comparison of the two curves on this basis is given m Fig 5 
The gecko’s flicker discrimination covers the same range of intensi- 
ties as does that of the turtle The temperature differs — for the turtle 
measurements, 21 5°, for the gecko, 26 7° Using the temperature 
characteristic found® for the turtle, its curve is moved to the left to 
correspond to temperature 26 7° The respective abscissae of in- 
flection (t') with this shift then differ by ca 0 08 unit The values 
of cr' log 1 differ by less than do those for the cone segments of the curves 
for different kinds of fishes or other vertebrates “ “ 

The largest rod curve we have thus far encountered is in the teleost 
Funditlus^^ In this case the descnptive parameters are F^ax = 

9 05,/ = 5 06, /log / = 0 66 This IS the closest approach we have 
to the curve for the gecko, and the differences (the particularly sigmfi- 
cant differences involve t' and a' log /) are in fact huge, the values for 
Sphaerodactyhis are/ = 2 49, Fmax == 26 5, a' logr = 1 03 
The closeness of agreement of the parameters t' and o-'jog/ for gecko 
and turtle is, of course, accidental Data on two kinds of turtles 
would probably differ more But it is evident that these observations 
do not support the idea that a rod retina necessarily functions best 


20 J Exp Zool , 1939, in press 
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at low illuminations, even in a nocturnal animal Nor is it mdicatcd 
that a rod retina performs less ably than a cone retina at high il- 
luminations The danger of associating histological appearance and 
functional capacity in matters of visual performance is sharply em 
phasized 



Fig 5 The flicker response contour for the gecko {rod retina, at 26 7') and 
for the turtle {cone retma), with - 100 per cent in each case 

The analysis of vanous visual functions among vertebrates demon 
strates the presence of two constituent populations of sensory effects 
in many forms These must be separately dealt with on the basis of 
their respective quantitative properties The assumption that these 
two populations are directly due to the histological and chemical 
differentiation of the receptive units into rods and cones implies that 
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the quantitative properties of the data of visual performance in the 
various t}q)es of mtensity discrimination are taken to be determined 
by quantitative properties of the rods and cones respectively This 
assumption is arbitrary, unnecessary, and probably wrong The 
histological contribution to the assumption from the side of compara- 
tive properties of rods and cones in various animals is manifestly of 
small significance when the quantitative properties of visual per- 
formance m animals with purely rod and purely cone retinas are found 
to be essentially identical 


SUMJIARV 

The flicker response contour for the gecko Sphaerodactylns (retina 
with only rods) agrees in all essential respects (mtensity range, shape) 
with that for the turtle Pseudeinys (cone retina), as determined under 
equivalent conditions with the same apparatus With expenmentally 
determined correction for the expansion of the ins at the very lowest 
intensities, the F — log / contour for the gecko is a simple probability 
mtegral Its maximum F is lower than that for other animals, this 
means simply a smaller number of available sensory elements The 
quantitative parallelism in the magnitudes of the intensities at the 
inflection of F — log I and the shape constants for rod and cone ani- 
mals show that assumptions from comparative histological evidence 
concerning the properties of rods and cones in relation to visual per- 
formance may be quite misleading 

=1 J Gen Physiol , 1938-39, 22, 341 

" The difficulties ol the situation cannot be escaped, logically, by suggestion 
that the gecko possesses a peculiar kind of retinal rod, this merely destroys the 
complex accepted conception of rod with which we started 
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INTRODncnON 

Since Bernstein first put forward the membrane hypothesis in 1900, 
the pecuhar importance of the membrane m nerve and muscle function 
has been recognized Because of their extreme thinness nerve and 
muscle fiber membranes have proved difficult to measure and to study 
directly 

With the electrical impedance method it is possible to analyze the 
electrical properties of these delicate structures under various condi 
tions without injury to them Hbber (1912) m studymg the con 
ductivity of a suspension of erythrocytes, was the first to use high 
frequency impedance measurements on biological matenal Fncke 
developed the theory of electncal impedance measurements and was 
the first to suggest an equivalent arcuit for the living cell More 
recently Cole has extended the measurements to marine eggs, muscle, 
nerve, and vanous other tissues The success of the method as used 
by Cole and Curtis in determming changes in the electncal properties 
of Nfldla and the squid giant axon dunng activity (Cole and Curtis, 
1938, 1939) suggested that electrical impedance measurements of 
muscle might throw hght upon the membrane changes which accom- 
pany the action of certam agents, espeaally narcotics 

LilUe (1922) reasoned that on the theory that normal exatability 
and conductivity of the imtable livmg system is determined by the 
properties of the surface film, one should expect that m narcosis the 
membrane would be rendered less alterable than before, i e , stabilized 
Hober (1907) held a similar view, and both agree that dimmution of 
567 ’ 
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permeability accompanies narcosis However, more recently, an 
initial increase in permeability has been found to accompany narcosis 
in certain organisms under certain conditions {eg Seifriz, 1923, 
Hofler and Weber, 1926) 

Inasmuch as electrical impedance measurements can be used as an 
indication of permeabihty of membranes to ions, it was decided to 
remvestigate the question with this method 

Material and Methods 

The sartorms muscle of Rana ptpiens was used throughout 

Muscle Chamber — ^The construction of the muscle chamber can be noted in 
Fig 1 Actually, three variations of this chamber were used in the course of the 



Fig 1 Cell for measunng transverse impedance of muscle, side and front view 

experiments but they did not differ matenally except for the size and shape of 
electrodes used 

The chamber consists of two plates of bakelite separated by celluloid spacers of 
various thicknesses The four brass screws which unite the two plates are insu- 
lated by bakehte cups in one model In another model (m which there are round 
electrodes 1 mm m diameter) they are smeared with vaseline and situated quite a 
distance away from the electrodes 

The electrodes, which are of platinum black upon platinum, are flush with the 
surface of the bakehte plates Copper wires are soldered to them and pass out 
of the cell through holes drilled in the bakehte Where they emerge the copper 
wires are coated with picein cement to preclude the possibihty of moisture seeping 
m to the copper-platinum junction 

The electrodes are replatinized for each expenment and are always kept moist 
The excellent reversibility of the reactions studied shows that no significant 
amount of the agents used upon the muscle is adsorbed by the platinum black m 
such a way that it cannot easily be washed away 
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As has been mentioned three types of electrodes were employed (o) small 
round electrodes 1 mm in diameter, (6) larger discs 15 mm m diameter, and (c) 
long strip electrodes 20 mm m length and 1 mm wide The first type was found 
to be unsatisfactory inasmuch as its small size does not permit parallel hnes of 
current flow The long electrodes (c) were most satisfactory from the pomt of 
view of parallel current flow As the length of the electrodes is mcreased the 
central component of the current flow, which is perpendicular to the fiber axes 
of the muscle becomes increasingly important and the end components, where the 
current flows out into the tissue bej ond the ends of the electrodes and the lines of 
current flow are not parallel become less important It is much easier to analyze 
transverse impedance measurements where the lines of current flow are mostly 
parallel and perpendicular to the muscle and for this reason the muscle chamber 
contaming the strip electrodes 20 mm long and 1 mm wide was the one finally 
selected for these studies although the others were used m prehminary work 
To give an example of the type of difficulty which was encountered when using 
the small electrodes (1 mm m diameter) it was found impossible to determme 
with these electrodes the resistance of the moist strips of filter paper which were 
used for arculation of solutions past the muscle To be specific, with the small 
electrodes the resistance of a muscle covered with one stnp of filter paper seemed 
to be greater than the resistance of a muscle covered with two strips of filter paper 
(one on each surface) This rvas obviously a problem to be mvestigated The 
difficulty disappears when larger dcctrodes are used In other words, when 
longer electrodes are used, the total resistance of muscle plus filter papers mcreases 
as filter papers are added, as is to be eiqiected 

The reason for the anomalous results with small electrodes is that with small 
electrodes most of the hnes of current flow are not parallel The electneal set up 
IS a complicated one which may be expressed by saving that it results m a situation 
m which the resistances of muscle and filter papers ate not m senes with one 
another 

SoltUtons Used — ^The composition of the Ringer’s solution used in these expen 
raents was as follows 7 gm NaCI 0^ gm KCl 0 25 gra CaCIj in a liter of 
solution The solution was buffered to pH 7 4 with sodium bicarbonate 

All salt solutions and sugar solutions used were isosmotic with frog blood as 
calculated from depression of freezing pomt data 

Ringer's solution to which a small quantity of narcotic had been added was used 
in some expenments These solutions are not stnctly isosmotic with frog blood 
but the amount of narcotic added was m every case quite small and the departure 
from the isosmotic condition was not considerable 

In practically all cases the pH of the solutions w'as adjusted to 7 4 (the pink of 
phenol red) with sodium bicarbonate It was not found necessary to control the 
temperature 

^f€ihod of Ctrculalton — ^Solutions arc arculaled past the muscle by means of 
two moist filter paper strips completely covenng the muscle and placed one on 
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each side between the muscle and each electrode (Fig 1) The dimensions of the 
filter paper stnps are approximately 5 mm by 10 cm , their width being approxi- 
mately the same as the width of the muscle 

Solutions are conducted through them to the muscle very rapidly If a second 
solution of a different conductivity from the one which has been circulatmg is 
mtroduced, an impedance change is noted almost immediately m the head phones 
Also, solutions seem to be washed out from filter paper strips as quickly as they 
enter 

The rate of dnp of the solutions was kept fairly constant from expenment to 
experiment, 1 cc of solution bemg dehvered in about 35 seconds 

Whether the filter papers run along the muscle (parallel to the long axis of the 
muscle) or across the muscle (at right angles to the long axis of the muscle) seems 
to have no measurable effect upon either (1) the final equihbrium resistance 
value when a new solution is circulated or (2) the time constant (the term “time 
constant” will be used throughout to mean the time mterval elapsmg between the 
beginning of the reaction and the time when half the effect has taken place) 

When It is realized that the muscle volume is only about 0 084 cc and the 
“sugar space” (which, as wdl be proven later, is mtercellular space) is only about 
0 021 cc and that the volume of solution dehvered in a few seconds is much greater 
than the sugar space, it is understandable that it should make practically no 
difference whether the filter papers are placed along or across a muscle Also, 
diffusion into the muscle from the point of contact with the solution is probably 
very rapid 

This filter paper method of changmg solutions is much to be preferred to one 
method used by Osterhout (1922) m measunng the conductivity of Laimnana 
When changing solutions Osterhout took his measunng cell apart, removed the 
tissue, washed the tissue m the new solubon, and replaced it in the measunng 
chamber In the experiments here reported, the handhng of the tissue and 
vanations m pressure attendant upon the reassembhng of the cell were eliminated 
Also, contmuous unmtemipted reading dunng diffusion of the new solution 
mto the tissue was possible 

The electncal properties of the filter papers are not altered by the solutions 
which are circulated It was found that the ratio of the resistance per filter paper 
to the specific resistance of the solution circulated is practically the same if Ringer’s 
solution or a solution of half isosmotic sugar and half Ringer’s solution (SO per 
cent sugar) is used 

Ringer’s SO per cent 
solution sugar 

Resistance per filter paper ^ 0 088 

Specific resistance of solution 

In many cases the muscle was tested at the end of the expenment and was found 
to be excitable 
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Apparatus 

The alternating current WTieatstone bndge used was devised by Cole and 
Curtis (1937) and has been descnbed by them The current sent through the 
measuring cell is so small that the impedance was independent of it Transverse 
impedance was measured at all times It was measured as parallel resistance, 
Rf andcapaatyCp 

With the substitution method used m these experiments, an accurac> of 0 5 
per cent was obtained 

The equivalent senes resistance R and the senes reactance, A were calculated 
from the formube 

1 + (R,C,u)> 1 + {R,C,u)‘ 



Flo 2 Frequency impedance locus, t « senes resistance, R w senes reactance, 
X , for transverse measurements of frog sartonus muscle m Ringer s solution 
Frequencies mdicated ate m kilocycles per second 

In the earher experiments complete frequency runs were made from 200 cycles 
to 1000 kc (0 2 kc , 0 5 kc 1 kc , 2 kc , 5 kc 10 kc etc ) IVhen it was noted 
however, that the experimental points on the resulting impedance locus gave so 
good a fit (Fig 2) It was deaded for the sake of speed and simplicity to deterrmne 
but three frequency pomts experimentally, t < 1 kc , 10 kc , and 100 kc , since 
three pomts determme a arcular arc Inasmuch as speed was of considerable 
importance m some of the expenments where impedance measurements were 
made durmg the action of a chemical agent, this procedure was found to be a great 
convenience 

In some experiments dealing with the effect of chenucal agents upon electrical 
impedance over long times, impedance measurements were made at 1000 cycles 
only It might at first seem preferable to make d c measurements m order to 
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follow changes of membrane resistance However, d c measurements cannot 
give any indication of capacity variations which may be taking place 

Theory and Calculattons 

The theoretical muscle may be considered to be a uniform random 
distnbution of parallel, circular, cylindrical fibers m a medium (Bozler 
and Cole, 1935, Cole and Curtis, 1936) Then the specific resistance 
of the muscle perpendicular to the fiber, r, the resistance of the me- 
dium, ri, the resistance of the fibers, rz, and the volume concentration 
of the fibers in the medium, p, bear the following relationship to one 
another 

r/fi - 1 ^ ra/r, - 1 
r/ri + 1 ^ fj/rj + 1 

The above equation is analogous to the Maxwell equation for the con- 
ductivity of a suspension of spheres 

It has been shown that the muscle is the electrical equivalent of a 
circuit containing at least two resistances and one variable impedance 
element of constant phase angle (Bozler and Cole, 1935) If the 
series resistance of such a circuit, R,, is plotted on the abscissa and 
the series reactance, X„ is plotted on the ordinate, for different fre- 
quencies, the circle diagram or impedance locus, which has long been 
used m communication engineering and which was introduced by 
Gildemeister and by Cole to express biological data, is obtained 
Theoretically, it would be expected that the center of the circular arc 
representing the impedance locus of such a circuit would he on the 
resistance axis, ^ e , that the phase angle would be 90° It is found 
experimentally for muscle that the center of the circle is below the 
resistance axis and that the phase angle is less than 90° (Fig 2) 
Cole interprets this to mean that the single variable impedance element 
m the circuit has dielectric loss 

On the assumption that the membrane is non-conducting (as will 
later be shown to be the case) it is possible to solve for p in the fol- 
lowing manner 
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where ro is the extrapolated zero frequency resistance Then 
r»r. — r' 

'' n — r, 

where r. is the extrapolated infinite frequency resistance 
Discussion of Results 

It was deaded to investigate first the effect of sunple inorganic 
cations upon the electrical impedance of muscle When the 1000 cycle 
resistance of a muscle treated with certam cations, » c Ba and Ca, was 
plotted against time it was found that the curve descnbing the resist- 
ance changes consisted of two parts (Fig 3) It was thought that 
perhaps the first part of the curve represented merely penetration of 
the cation into the intercellular spaces of the muscle and the second, 
interaction of the cation with the muscle tissue In order to investi 
gate this possibihty, the effect upon electrical impedance of the 
diffusion mto the intercellular spaces of the muscle of a substance 
which was known not to react with the muscle substance and to be, 
physiologically speaking, rather inert was studied Mixtures of 
Rmger’s solution and isosraotic sugar solutions were used for this 
purpose When the effect of diffusion into the intercellular spaces 
alone upon the electrical impedance of muscle had been quantitatively 
determined it was then possible to continue the studies and to investi- 
gate the effect of complex organic narcotics 

Effect of Inorganic Cations upon Electrical Resistance of Muscle 
The effect of inorgamc cations upon the 1000 cycle resistance q{ 
frog sartonus was studied in the foUowmg manner All solutions used 
were isosmotic with frog Rmger’s solution and were circulated past 
the muscle by means of stnps of filter paper as desenbed above 
Chlondes of sodium and potassium and of the alkali earths barium, 
calaum, and magnesium were used It is important that all solutions 
used be strictly isosmoUc with frog blood masmuch as varymg osmotic 
pressure seems to have a profound influence upon the electrical 
resistance of muscle as can be seen from an experiment where 50 per 
cent, 120 per cent, and 200 per cent Ringer’s solution was employed 
By a SO per cent Ringer’s solution is meant a solution contaming one 
part of Ringer’s solution to one part of distilled water, while by a 




Fig 3 Thousand cycle resistance of muscle, expressed as percentage of equihb- 
num value in Ringer’s solution, vs tune m minutes after substitution of test 
solutions for Rmger’s solution Typical expenxnents All solutions isosmotic 
vnth Rmger’s solution Resistance of isosmotic chlonde solutions compared with 
resistance of Rmger’s solution NaCl, 101 per cent, RCl, 96 per cent, BaCk, 
81 per cent, CaClo, 87 per cent, MgCls, 91 per cent 



Fig 4 Influence of Rmger’s solutions of vanous osmotic pressures upon 
resistance of muscle Thousand cycle resistance of muscle, expressed as per- 
centage of equihbnum value m pure Rmger’s solution, vs time m mmutes after 
substitution of test solution for Rmger’s solution Test solutions are 50 per 
cent Rmger (o), 120 per cent Rmger ( 9 ), and 200 per cent Rmger (•) 
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200 per cent Ringer’s solution is meant a solution in whidi the salts 
are dissolved in one half of the usual amount of distilled ivater In 
Fig 4, percentage resistance change is plotted against tune It will 
be noted that a hypotomc solution causes a marked nse m resistance 
while hypertonic ones cause a drop This is, of course, to be expected 
since the conductivities of these solutions differ from that of Ringer’s 
solution It should also be noted, however, that the muscle has been 
found to follow Boyle’s law and act as a simple osmometer when 
treated with Ringer’s solutions of different osmotic pressures (Chao, 
Chiao, and Chi, 1938) 

The effect of morgamc ions upon 1000 cyde resistance of muscle 
can be seen m Fig 3, where the percentage change in resistance 
(the resistance in Ringer’s solution bemg taken as 100 per cent) on 
addition of the solutions is plotted agamst tunc Addition of the 
isosmotic chlonde solution was not begun until the musde had reached 
a steady resistance value m Rmger’s solution If not treated, this 
oquihbnum value may be mamtained for many hours Each curve 
represents a typical experiment In aU, fourteen experiments of this 
type were done 

In every case the difference in conductivity between Rmgei’s 
solution and the isosmotic chlonde solution should be taken mto 
consideration in estimatmg the percentage change The resistances 
of the solutions are listed under Fig 3 (The differences in conduc 
tivity could not be corrected for m the graph smee the rate of penetra- 
tion of the solutions was not known ) 

The resistance of a solution of MgCl isosmotic with frog Ringer’s 
solution was found to be 91 per cent of that of pure Rmger’s solution 
Thus the 10 per cent drop in resistance of the musde after treatment 
with isosmotic MgClj is not significant, and we may say that isosmotic 
MgClj has no effect upon the 1000 cyde resistance of sartorius musde 
Also, addition of NaCl and K.C1, respectivelv, seems to have httle 
effect upon the resistance of musde Isosmotic KCl raises the resist- 
ance 1 or 2 per cent during the course of about 2 hours and NaCl 
raises it a httle more (about 10 per cent) The small effect of NaCl 
and KCl is surpnsmg masmuch as these substances cause marked 
contracture m musde (Gasser, 1930) Isosmotic solutions of BaClj 
and CaCl , on the other hand, markedly affect musde resistance, 
causmg It to drop 
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A slight degree of recovery (as measured by increase in resistance 
in the direction of the normal value) was obtained in these experi- 
ments after the muscle had been allowed to remain m the isosmotic 
BaCb and CaCk solutions for as long as 2 or 3 hours If solutions 
containing one part of isosmotic alkali or alkali earth chloride solution 
and four parts of Ringer’s solution are used, the normal resistance is 
maintained for hours 

The relative lack of effect of pure isosmotic solutions of NaCl, KCI, 
and MgClj upon the muscle, insofar, at least, as these effects are 
mirrored in impedance changes is of interest. Since the work of 
Sidney Ringer, the importance of balanced salt solutions and the 
toMcity of solutions of single pure isosmotic salts have been stressed 
again and again Since impedance measurements are usually ex- 
periments with narcotics reported m this paper, for instance) a 
delicate means of determining physiological membrane changes, and 
toxiaty has been associated with breakdown of membrane resistance. 
It rmght be supposed that pure solutions of Na, K, and Mg would 
affect muscle resistance markedly, yet this is not the case 

In this connection it might be interesting to refer to observations 
which will be published shortly on injury potentials of the non- 
myelinated nerve of the spider crab, where it was found that pure 
isosmotic solutions of the chlorides of the earth alkalis Ba, Ca, Sr, 
and Mg have no effect upon the magnitude of the mj’ury potential 
when applied to the uninjured portion of the nerve Inasmuch as 
substances which are ordinarily considered toxic cause the injury 
potential to fall or, if strong enough, completely disappear, when 
applied to the uninjured part of a nerve, one would expect pure 
isosmotic solutions of the earth alkalis to have the same effect if they 
were truly toxic 

In general then, it may be said that while changes in osmotic 
pressure of solutions affect muscle impedance greatly, the use of 
certain salt solutions winch are not physiologically balanced does not 
seem to do so Some cause other than the fact that they are “pure 
solutions” and “unbalanced” must be found to account for the strong 
action of isosmotic CaCh and isosmotic BaCh 

It IS dangerous to generahze concerning the action of ions upon 
electrical resistance of tissues and membrane permeability Osterhout 
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found m most cases, from observations on Lantiiana and other 
sumlar forms, that mono\ alent ions cause electrical resistance to fall 
and that bivalent ions cause it to rise and then fall (Osterhout, 1922) 
However, the work of others on different types of tissue (e g Hogben 
and Gordon, 1930) as well as the results of these espenments make a 
generalization inadvisable 

It will be noted that there is a distinct break in the curves repre 
senting the influence of isosmotic Bads and CaCU upon the resistance 
of muscle (Fig 3) The break was encountered in every experiment 
where these solutions were used It was thought that possibly the 
first part of the curve represented penetration of the substance into 
the muscle and the second interaction between the substance and the 
muscle As has been stated above, it was in order to investigate this 
question, as well as for other reasons that it was decided to study the 
question of penetration m connection with some substance which was 
beheved to be relatively inert as far as interaction with living tissues 
IS concerned 


Expenmmls imth Sugar 

Why Sugar Soluttons Were Used — It has been established (0\ erton, 
1904) that although isosmotic sugar solutions cause loss of irritability , 
the sugar itself is not toxic, but the effect is produced as a result of 
the absence of intercellular electrolytes If one part of Ringer’s solu 
tion or isosmotic NaCl is added to as much as three or four parts of 
isosmotic sugar solution, no loss of irritability results Such a solu 
tion may be said to be physiologically inert, and y et it has a conduc- 
tivity very different from that of pure Rmger’s solution It seemed 
to be an ideal type of solution to use for penetration studies, inasmuch 
as if the resistance of the muscle in Ringer’s solution is first determmed 
and the specific resistance of the sugar solution is known, the electneal 
resistance of a muscle treated with the sugar solution will throw some 
hght on the penetration of sugar or exit of electrolytes from the mter 
cellular spaces By observing changes in electrical resistance we 
should be able to study the time course of diffusion, reversibility of 
diffusion, and similar problems Penetration of the substance into 
the mtenor of the muscle fibers, if any, the effect of the substance 
upon the mtegnty of the fiber membranes, and like problems may 
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be investigated if resistance and capacity to an alternating current are 
measured over a wide frequency range 
Sugar-Ringer Mixtures Do Not Alter the Tissue — ^In order to be 
certam that mixtures of Ringer’s solution and isosmotic sugar solu- 
tions are truly inert and do not alter the tissue in any way, i e that 
they merely penetrate the intercellular spaces and do nothing else, 
, the following experiment was performed 



Fig S Thousand cycle resistance of muscle in various concentrations of 
isosmotic dextrose-Rmger mixtures vs tune in minutes Percentages indicate 
concentration of dextrose in dextrose-Ringer mixtures O, muscle in Ringer’s 
solution, •, muscle m Ranger-dextrose mixture Typical expenment All data 
obtamed on same muscle Note almost perfect reversibility 

A muscle which had attained an equilibrium resistance value in 
Ringer’s solution was treated successively with various concentra- 
tions of Ringer’s solution-isosraotic sugar solution mixtures, and 
recovery m pure Ringer’s solution was permitted after treatment with 
each concentration of sugar (Fig 5) Reversibihty of resistance 
changes due to treatment with sugar was nearly perfect This makes 
It difficult to beheve that the sugar solutions cause senous leakage 
of salts from the muscle fiber intenors 
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Besides, it was found that the ratio 

1000 cycle resistance of muscle 
Specific resistance ot soluUon 

for the musde in Ringer’s solution and in each concentration of sugar 
remains remarkably constant In the experiment represented in 
Fig S, the mean is 19 8 with a vanahon of only ±0 33 from the 
mean This mdicates that at 1000 cycles the fiber membranes are 
practically non-conductmg, at least as far as can be detected by these 
measurements, and that the sugar space is the mtercellular space 
By entirely different experimental procedure, Urano and Fahr have 
shown that the electrolytes replaced by sugar are mtercellular electro 
lytes (Urano, 1908, Fahr, 1909) 

When the percentage of Ringer’s solution in the Rmger sugar 
mixtures used is plotted agamst the reaprocal of the resistance of the 
muscle in that mixture, the data fit a straight line passmg through 
the zero point fairly weU (Fig 6) This would seem to mdicate that 
what we are measuring is the amount ot Rmger’s solution present in 
the intercellular spaces, and, again, that the fiber membranes ate 
non-conducting at 1000 cycles 

Sugar Rmger Mixtures Do Not Cause Swelling or Shrinking — When 
the volume concentration, p, is calculated from the data furnished by 
such an experiment, it is found to remam constant when varying 
concentrations of sugar are used to bathe the muscle, indicating that 
sugar of these concentrations (10 to SO per cent) causes no swelhng 
nor shnnking of the fibers If sugar solutions of these concentrations 
did cause swelhng or shnnkmg, their effect would mcrease with 
increasing concentration, and p would not be similar for all of them 
Rapidity of Diffusion — ^Diffusion of sugar mto muscle (or exit of 
electrolyte from the intercellular spaces) is quite rapid, half the effect 
bemg over, when two filter paper strips are used, in about three 
quarters of a mmute If sugar were able to penetrate the fiber 
membranes, the rapidity of diffusion would, of course, be greater 
Inasmuch as narcotics, as will later be shown, do penetrate fiber 
membranes, the value obtamed with sugar sets an upper limit to the 
time required for penetration of narcotics through muscle 
In Fig 7, 1000 cycle resistance is plotted agamst time for two paired 
muscles treated with 40 per cent sugar (isosmopc sugar solution 
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Ringer’s solution as 4 6), in one case the muscle being in contact 
with two filter papers (one on each side) and in the other, with only 



Fig 6 Reciprocal of equilibrium value of thousand cycle resistance of muscle 
in vanous concentrations of isosmotic dextrose-Rmger mixtures vs percentage of 
Ringer in dextrose-Ringer mixture Data from same experiment as is repre- 
sented in Fig 5 



Fig 7 Thousand cycle resistance of muscle m Rmger’s solution (O) and in 
40 per cent dextrose, t e isosmotic dextrose solution Ringer’s solution as 4 6, 
(*) vs time in minutes On left, solutions circulated past muscle by means of 
one filter paper, on right, solutions circulated past muscle by means of two filter 
papers, one on each side of muscle Same muscle m both expenments On left, 
equihbnum (1 per cent change m 3 xmnutes) attained m 23 5 minutes, on nght, 
m 6 5 rmnutes 
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one filter paper It will be noted that the total rise m resistance 
after treatment with sugar is about the same for both muscles, but 
that the time necessary for this resistance change to be brought about 
IS tour times as long when only one filter paper is m contact with the 
muscle as it is when two filter papers are m contact with the muscle, 
one on each side Theoretically of course, this result is to be expected 
smce when there are two filter papers, not only need a substance diffuse 
only half as far into the muscle, but it is diffusmg in from both sur- 
faces simultaneously 

The ratio of the times of nse m the two cases, 1 4, is to be expected 
if the process follows the well known diffusion equation which states 
that the amount of substance diffusmg in is proportional to the square 
root of the time This equation has been shown to hold for the 
diffusion of lachc aad and oxygen through muscle (Eggleton, Eggle 
ton, and Hill, 1928) and for the diffusion of inorgamc phosphate 
through muscle (Stella, 1928) 

Additional Data Obtained from Sugar Experiments — ^Values for p, 
the volume concentration of fibers, fj, the resistance of the mtenor 
of the fibers, and $, the phase angle of the impedance locus, were 
calculated for the muscle in Rmger’s solution and in the sugar mix- 
tures according to the equations quoted above (<f Theory and calcu 
lations) 

The volume concentrations in Rmger’s solution varv from 75 per 
cent to 81 per cent with an average of 77 7 per cent The n values 
m Rmger’s solution vary from 176 to 310 with an average of 231 
ohms specific resistance, which is about 3 2 times that of Rmger’s 
solution The phase angle, 0, was found to average 71 0° 

These values of p, rj, and $ compare favorably with those obtained 
for frog sartonus by Bozler and Cole (1935) They obtamed volume 
concentrations of 77 3 per cent and 76 2 per cent and rj values of 
264 and 253 for two muscles, and found the phase angle to average 71° 
Schulze (1927), using a somewhat different method, obtamed a volume 
concentration of 86 1 per cent 

It will be noted that with low concentrations of sugar, c g 25 per 
cent, the volume concentration remains constant, as does the fiber 
interior resistance value In other words, it seems that dilute sugar 
solutions do not cause swelhog or shnnkmg or penetrate into the 
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fibers, so far as can be detected by our methods When higher 
concentrations of sugar are used, however, we find a different situ- 
ation In 50 per cent sugar (one experiment) the volume concen- 
tration seems to remain practically the same as m Rmger’s solution, 
but the resistance of the mterior of the fibers mcreases about twofold 
Two experiments were done with a 75 per cent sugar solution It is 
difficult to tell whether this solution causes membrane permeabihty 
to change or shrinking of fibers to take place At any rate the resist- 
ance of the fiber interiors increases about two and one-half times 
' The findings just enumerated, however, although interestmg, are 
by-products of the sugar experiments The rapidity of the resistance 
changes on treatment of the muscle with sugar solutions mdicates 
that penetration alone cannot account for the small break m the 
resistance curve which was always encountered when the muscle was 
treated with Ba or Ca, and suggests that mtercellular penetration 
need not be taken into consideration when studying the effect of 
organic narcotics 

Once the troublesome question of the order of magnitude of im- 
pedance changes due to penetration between the fibers alone had 
been dealt with, it was possible to begin the study of the effect of 
the more complex substances 

Ejffect of Narcotics upon Muscle Impedance 

The following group of substances, each of which has some narcotic 
action, surface active behavior, or hpoid solubility was studied 
saponin, chloroform, sodium taurocholate, butyl and amyl alcohol, iso- 
amyl carbamate, chloral hydrate, and sodium sahcylate All of these 
were found to depress 1000 cycle resistance of muscle when used in 
sufficient quantity 

Similar results were obtamed for Laminaria and for frog skm with 
ether, alcohol, chloroform, and chloral hydrate by Osterhout (Oster- 
hout, 1922) Gildemeister (1920) studied, by measunng the inductance 
necessary to neutrahze it at 1000 cycles, the capacity of frog skin 
and muscle durmg the action of various agents 

An analysis of the effect upon 1000 cycle resistance of muscle of 
mcreasmg doses of iso-amyl carbamate is presented m Fig 8, where 
resistance is plotted agamst time It will be noted that mmute 
changes m concentration alter the character of the influence of the 
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drug upon resistance As the concentration of the drug is increased, 
the nse in resistance is followed by a gentle fall in resistance On 
increasing the concentration still further, the rise in resistance is 
momentary and the depression of resistance more marked It has 
been known for some time that dilute solutions of narcotics have an 
effect different from that of higher concentrations This is brought 
out quantitatively by the electrical resistance experiment just de 



Fig 8 Influence of various concentrations of iso amyl carbamate upon resist 
ance of muscle Thousand cycle resistance of muscle expressed as percentage 
of equflibnum value m pure Rmger s solution, ts time m hours after substitution 
of the drug m Ringer’s solution for pure Rmger’s solution Five difierent muscles 
Percentages mdicate amount of the drug dissolved m Rmger s solution 

scribed Besides it is possible m such an experiment to foUow the 
effect of the narcotic with time and to estabhsh that the action of a 
dilute narcotic solution over a long time resembles that of a higher 
concentration actmg for a shorter time 
Smee dilute solutions of narcotics result m anesthesia, while higher 
concentrations are toxic, these results suggest a correlation of resist- 
ance mcrease with anesthesia, and resistance decrease with tonaty 
On a somewhat different basis, Osterhout (1922) working with 
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alcohol and ether on Lannnana agardhtt, ,was led to a similar con- 
clusion He found that the initial rise in resistance encountered when 
using these agents was reversible, while the subsequent drop in resist- 
ance below normal was not This led him to beheve that anesthesia, 
which IS by nature inherently reversible, is associated with permea- 
bility decrease, while the subsequent irreversible toxicity on continued 
action of the narcotic is associated with permeabihty mcrease 

It was felt that perhaps information from impedance data over a 
wide frequency range and long times could throw hght upon which 
aspects of the electncal characteristics of the cell, ^ e , resistance of 
the medium, of the fiber mterior, resistance, and capacity of the 
membranes were affected by narcotics 

Cole and Curtis (1938) have just found for Nttella that on exatation 
there is a 200-fold decrease in membrane resistance and a 15 per cent 
decrease in membrane capacity, while in the giant fiber of the squid 
(Cole and Curtis, 1939) there is a 30-fold decrease m membrane 
resistance and a 2 per cent decrease in membrane capaaty It was 
hoped that an analysis similar to theirs might throw some hght upon 
thfe mechanism of narcosis 

Cole and Curtis have shown that on theoretical grounds, if the 
membrane resistance alone were to change, the impedance locus at a 
single frequency would describe a circular arc which is tangent to r„ 
and has its center on a line perpendicular to the resistance axis and 
running through r„ if 0 is unchanged If, on the other hand, the 
membrane capacity alone were to change, the impedance values at 
any one frequency would follow along the familiar frequency im- 
pedance locus 

It was found that during the action of narcotics the impedance 
follows almost perfectly the path predicted for a change in membrane 
resistance alone (Figs 9 and 10) With weaker drugs, eg 0 34 iso- 
amyl carbamate (Fig 10) the circular arc describing the impedance 
change with time does not actually pass through the r„ point, but 
if extrapolated, it would With stronger solutions, eg a solution of 
Rmger’s solution saturated with chloroform (Fig 9), the arc actually 
does pass through the r„ pomt 

In other words, narcotics break down the membrane resistance 
progressively and, if strong enough, and permitted to continue their 
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action long enough, completely Membrane capaaty is only very 
slightly afTected by narcotics 

In everv case -when a drug vt 2 s first applied there -was a short 
initial increase in membrane resistance This must not be over- 
looked since it may be associated with the initial narcotizmg action 



Fig 9 Frequent impedance locus, t « senes resistance, i?,, w senes reactance, 
X , for muscle m Banger s solution (o) Frequencies given are m kilocycles per 
second The time locus (•) shows how the impedance changes at 1 kc wW 
the muscle is bathed with Ringeds solution saturated with chloroform Numbers 
indicate order m which data were taken Broken line is a circular arc tangent to 
the resistance axis at the r, point 
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Fig 10 Time impedance locus, » e senes resistance, , vs «encs reactance, 
X , for muscle m 0^4 per cent iso-amyl carbamate m Ringer's solution at 1 kc. 
Broken line is a circular arc tangent to the resistance axis at the r, point 

of the anesthetic, while the decrease in membrane resistance on longer 
action may be linked to toxicity This is all the more probable since 
the initial increase in membrane resistance is more pronounced when a 
lower concentraUon of narcotic is used than whra a strong dose is 
employed (Fig 10) 
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DISCUSSION 

In connection Math the results here obtained with narcotics, it 
would be interesting to ascertain the effect of possible sweHmg or 
shrinking of the muscle fibers upon the impedance of muscle Sec- 
ondly, proof that the changes which have been ascribed to the mem- 
brane are, mdeed, due to changes m the fiber membranes (plasma 
membranes) and not to changes m the fibriUae, the mitochondria, or 
other ceU inclusions, is also necessary 
Swelhng and Shrinking — ^As to the first point, if sweUing or shnnk- 
mg takes place on apphcation of a drug, and swelhng or shrinking 
affects impedance, the arcle diagram should be shifted to the right 
or to the left, and the extrapolated infinite frequency resistance should 
be different when the muscle is in Ringer’s solution or in the drug 
This, however, is not the case (Fig 11), the extrapolated infinite 
frequency resistance durmg drug action comades with the extra- 
polated infinite frequency resistance durmg treatment with Ringer’s 
solution 

It was thought that this question might be further studied by 
determmmg in the foUouang manner whether the sugar space, t e 
the intercellular space, is altered durmg the action of a drug 
A muscle which had first attained equfiibrium in Ringer’s solution 
was treated first (a) with a dilute solution of a drug dissolved in 
Rmger’s solution, secondly, after equihbnum had agam been attamed 
(&) Math a solution of one part of a concentration twice as great of the 
drug dissolved m Rmger’s solution plus one part of isosmotic sugar 
solution and then thirdly (c) with the dilute solution of drug dissolved 
m Ringer’s solution agam Smce it had already been established 
that 50 per cent sugar does not cause appreaable swelhng nor shrmk- 
ing of the fibers, it was felt that the sugar space might remam unaltered 
if the drug itself causes no swelhng or shrinkmg and a dilute concen- 
tration of drug IS used 

However, this method was not ver)'^ satisfactory inasmuch as the 
action of the drug often contmued when solution (b) was used and 
may have prevented the resistance from reaching the value it would 
ordinarily have reached Math 50 per cent isosmotic sugar alone 
In some cases the ratio 

Resistance of muscle m medium 


Resistance of medium 



RITA GUTTMAN 


587 


was practically constant for solutions (a) and (6) but this constancy 
seems to be the result of a delicate balance of just the correct con* 



Fig U Frequency impedance loa, t e senes resistance, w senes reactance, 
X , for muscle in Ringer’s solution (O) and m Ringer s solution saturated with 
chloroform (#) Frequenacs are given m kilo<^des per second 



minutes 

Fig 12 Thousand cycle resistance of muscle m Ringer's solution (o), in 
1-400 Na salicylate dissolved m Rmger’s solution ( Q ), and m one part 1-200 Na 
salicylate dissolved m Rmget s solution plus one part isosmotic sucrose solution 
(•) vr time m mmutes 
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centrations In the cases where the ratio Ro — Ri did not remain 
constant for solution (a) and solution (b), it was always noted that 
after maximum resistance was attained in solution (b) the curve 
representing the resistance sloped downward (Fig 12) This would 
suggest that the action of the drug continues in solution (b) inasmuch 
as no dechne was ever encountered when sugar and Ringer’s solution 
alone were used 

It IS possible that some swelhng or shrmking takes place when the 
various narcotics mentioned above are used However, it is highly 
unprobable that swelling or shrinking can account for the entire 
effect of narcotics upon muscle impedance 

Is the Impedance of the Fiber Membranes Being Measured ? — ^It has 
been assumed all along that the complex impedance locus is the locus 
of the impedance of the plasma membrane and that the changes in 
the overall muscle impedance are due to changes in membrane im- 
pedance It might be well to examine now the arguments which sup- 
port this assumption 

Hober’s experiments on the conductivity of erythrocytes (Hober, 
1912), which have already been mentioned, suggest strongly that it 
IS the cell membrane which offers impedance to alternatmg current 
He found that the conductivity of erythrocytes to alternating currents 
of nine million cycles per second is about the same as that of a solution 
of disintegrated cells at any frequency Living cells have a lower 
conductivity than dead ones That this is due to the presence of 
cell surfaces rather than to the cell as a whole is shown by the above 
type of experiment 

The simphcity of the complex impedance locus of muscle (Fig 2) 
favors the view that there is only one type of structure which is 
offering resistance to the measuring current That this single struc- 
ture IS the plasma membrane is probable since Cole has found that a 
circle diagram describes the complex impedance locus for a great 
variety of cells and tissues 

An argument which favors the view that it is the cell membrane 
rather than the membranes of the fibriUae which has been measured 
in these experiments on muscle, is the following If it is the fiber 
membranes which are the structures offering impedance to the electric 
current, the calculated fiber membrane capacity is of the order of 
1 0 juf /cm 2 (Cole and Curtis, 1936), if it is the membranes of the 
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fibnilae, their membrane capacity would have to be about 20 pf /cm ’ 
Inasmuch as practically every type of living material measured has 
been found to have a membrane capacity m the neighborhood of 
1 nl /cm it IS highly probable that it is the liher membrane which 
IS being measured here 


CONCLUSIONS 

Cole and Curtis (1938) consider that the membrane capaaty 
represents the ion impermeable aspect of the membrane and the 
membrane resistance, the ion permeable aspect In the case of 
narcotics, we have an example of the independence of these two postu 
lated aspects of the membrane Here one, the ion permeable, alone 
IS affected This same aspect of the membrane is affected m exata- 
tion in Nitella and the squid giant nerve fiber (Cole and Curtis, 1938, 
1939) In fertdization of marme eggs, on the other hand, the non- 
conductmg, ion impermeable part of the membrane appears to be 
changed (Cole and Spencer, 1938) It would seem reasonable to 
suppose that narcosis and injury, on the one hand, would have a 
greater resemblance to exatation, on the other, than either would 
have to the mechanism behmd fertilization This supposition seems 
to be supported by impedance data 

That, m general, membrane resistance is a less stable aspect of 
the membrane than is membrane capacity, also seems to be brought 
out by these experiments on the effect of narcotics upon muscle 
impedance 

I am greatly mdebkd to Prof K S Cole for much mdispensable 
advice and technical guidance durmg the course of this work, to 
Dr H J Curtis for his generous assistance at all times, and to the 
Biological Laboratory at Cold Spnng Harbor for the facilities so 
kindly put at my disposal during the prehmmary experiments 

SUMMARY 

1 The effect of certam morgamc cations upon the electneal im 
pedance of the sartonus muscle of the frog was mvestigated While > 
Na, K., and Mg have little effect upon the resistance of muscle, Ba 
and Ca cause it to fall The use of physiologically “unbalanced” 
salt solution does not in itself seem to affect muscle impedance 

2 The time course of the effect upon muscle impedance of the 
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penetration of substances into the intercellular spaces was studied by 
treatmg the muscle with sugar solutions Half of the effect is over 
in three-quarters of a mmute when the sugar solution is permitted 
to arculate past both sides of the muscle This sets an upper Imut 
for the tune necessarj^ for inorgamc cations and orgamc narcotics to 
reach the cell surfaces The action of morgamc cations and orgamc 
narcotics upon muscle is slow compared to the time necessary for 
them to reach the scene of action 

The penetration of the sugar solutions mto the mtercellular spaces 
of muscle was found to follow the well known diffusion law, the amount 
diffusmg m bemg proportional to the square root of the time 
Average values of 77 7 per cent for p, the volume concentration of 
fibers, 231 ohms specific resistance for ro, the resistance of the mtenor 
of the fibers, and 71 0° for the phase angle of the impedance locus, 
were obtamed for the muscle m Rmger’s solution How these values 
change when the muscle is placed m vanous concentrations of sugar 
was also studied 

3 The action of a number of orgamc narcotics upon muscle was 
studied All decrease 1000 cy^cle resistance if the concentration is 
suffiaentl)’’ high A detailed analysis of the action of the narcotic, 
iso-amyl carbamate, was made, and it was noted that low concen- 
trations mcrease resistance while higher concentrations decrease it 
By mvestigatmg the effect of narcotics upon muscle impedance 
over a wide frequency range, it was found that durmg narcosis the 
resistance of the fiber membranes first mcreases and then decreases, 
and, if the drug is present m sufficiently great concentration, mem- 
brane resistance may completely disappear Membrane capaaty 
IS only very shghtly affected 
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THE VISIBILITY OF SINGLE LINES AT VARIOUS 
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I 

Nature of Problem 

The present measurements were made to explore the problem of 
why visual acuity vanes with Blummation This question is not 
limited to the human eye, nor to the vertebrate eye (cf Ehrenhardt, 
1937) but IS a general one smce even insects (Hecht and Wolf, 1929, 
Hecht and Wald, 1934) and crabs (Clark, 1935) show a similar 
dependence of visual acuity on illumination The matter has been 
extensively studied m man (Uhthoff, 1886, Koenig, 1897, Hecht, 1928) 
merely because the measurements are conveniently made and the 
results are of common mterest The data for all organisms show that 
the capaaty for resolving visual detail increases in a definite way with 
the mtensity of illumination 

A quantitative explanation of this phenomenon was suggested 
several years ago (Hecht, 1928, Hecht and Wald, 1934), and is based 
on the supposition that the receptor elements m the eye vary in sensi- 
bihty over a wide range of hght mtensities, so that their thresholds 
are distributed m the usual manner of populations This statistical 
distnbution need not be a fixed property of the mdividual elements, 
but may be vanable m time (Hecht and Wolf, 1929) depending per 
haps on the recovery of the individual elements foUowmg stimulation 
as suggested by Berger and Buchthal (1938 b) In terms of this 
distnbution the number of elements funcbonal in a given retmal area 
mcreases with the illuimnation, and smce the resolvmg power of a 
receiving surface vanes with the number of active elements per imit 
593 
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area, it follows that the resolving power or visual acuity of the eye 
should increase as the retinal illumination increases 

This eiqilanation requires no knowledge of the distnbution of light 
in the image formed on the retina, and hence does not concern itself 
with the actual nature of visual resolution However, the appearance 
of the image on the retma in terms of diffraction optics is certainly 
an important factor m visual resolution (Hartndge, 1922, Sblaer, 
1937) We therefore thought that a detailed study of it may point 
the way toward a formulation of the relation between visual acuity 
and illumination m terms which are more concrete than the statistical 
one already proposed 

The ordinary test objects used in visual acuity measurements are 
umt configurations like letters, hooks, or broken circles These are 
comphcated patterns and a calculation of the exact light distnbution 
in their retmal images is almost impossible Therefore, it is difficult 
to determine precisely what these test objects measure (cf Berger, 
1936, Berger and Buchthal, 1938 b) A simpler test object is an 
evenly spaced gratmg However, because this is a repeating pattern, 
limits to Its resolution may be set by factors other than intensity 
distnbution (Abbe, 1873, Shlaer, 1937) The simplest unit test object 
is a smgle opaque Ime agamst a uniformly illuminated background, 
and the hght distnbution produced by it on the retina may be deter- 
mmed m complete detail m terms of diffraction optics (Rayleigh, 
1903, Hartndge, 1922) We therefore measured the relation between 
bnghtness and visual resolution usmg such a test object, in order to 
describe as nearly as possible what happens at the retina 

n 

Method and Apparatus 

The apparatus is shown diagrammatically m side view in Fig 1 A large 
sheet of flashed opal glass G, selected for uniformity, is illuminated by a short 
focus lantem-slide projector LCP, to furnish a surface of uniform bnghtness 
The opal plate is outhned as a disc 2 feet in diameter by an opaque shield S, and 
serves as the background for the test object The test objects are wires W of 
different thickness, the finer wires are of drawn tungsten, while the coarser are 
brass rods Each wire is separately mounted across the diameter of a brass nng R, 
Vihich IS slightly larger than the illuminated background Three hooks H in the 
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opaque shield hold the brass ring m place m front of the illuminated background, 
the brass nng may be rotated in its own plane, so that the wire occupies any 
selected direction 

The brightness and color of the illuminated background is varied by a senes of 
neutral and color filters F placed immediately in front of the projection lens P 
The maximum brightness is just above 30 miUilamberts With the proper 
Wratten filters the bnghtness may be decreased m steps of almost any size down to 
any value desired A heat absorbing glass A is placed between the condensers in 
order to protect the gelatin filters from the heat of the projection system, this 
renders the light slightly greenish 


a 



4 


fi 



f 



Tig 1 Diagram of the optical arrangements for visual resolution of a single 
Ime agamst a uniformly illuminated background LCP is a lantern slide projector 
with its lamp condensers C, projection lens F and heat absorbing glass A 
Neutral filters F control the lUummation on the flashed opal glass G The 
opaque shield S outhnes the field m front of which is the wire TV* set in the nng R 
and held by the hooks H the sketch at the nght shows how these are arranged 
from the observer s point of view 


The lamp and projector are in an anteroom with the projection lens P just 
protrudmg through an opening into a small dark room The opal glass and 
opaque shield are in the doorway between this small dark room and another 
larger dark room in which the observer is The part of the apparatus faang the 
observer is shown at the right in Fig 1 When the projection lamp is on the 
observer does not see the brass nng he sees only the illuminated circular surface 
and the wire in front of it The observer sits m a chair on rollers which moves 
over the floor near a scale so arranged that the position of his eyes at any moment 
may be read from a pointer attached to the chair and m contact with the scale 
on the floor 

Before making measurements the observer stays in the dark for about 20 
mmutes He is then presented with the lowest illumination to be mvestigated, 




596 


VISUAL RESOLUTION 


in front of which the wire has been placed in one of three specific positions by the 
recorder The observer adapts to this illumination for a few minutes, after which 
he moves towards the wire until he can descnbe its direction with certainty 
All observations are binocular, with the natural pupil Three settings are usually 
made with each intensity, and the observer always adapts for a few minutes to 
each intensity before beginning a determination The procedure is contmued 
until the whole intensity range is studied, and usually takes about an hour and a 
half 


TABLE I 


Relation between Background Light Intensity and the Visual Angle Subtended by an 
Opaque Line When It Just Becomes Visible 


Light intensity in 
nuUilamberts 

Visual angle in minutes 

Series 1 

Senes 2 

Senes 3 

0 00000447 

0 00000603 

16 14 

11 09 

10 52 

0 0000214 

0 0000263 

4 94 

4 09 

3 85 

0 0000676 

2 40 

2 10 ; 

2 10 

0 000295 

1 50 

1 32 

1 21 

0 000692 

0 00151 

1 167 

0 703 

0 721 

0 00302 

0 454 

0 340 


0 00457 

0 368 

0 275 

0 328 

0 0200 

0 139 

0 104 

0 118 

0 0603 

0 0867 

0 0569 

0 0684 

0 263 

0 0365 

0 0295 

0 0321 

0 661 

0 0191 

0 0158 

0 0168 

2 95 

0 0154 

0 0109 

0 0118 

6 92 

0 0130 

0 00912 

0 00875 

30 2 

0 0112 

0 00802 

0 00785 


The influences of the distance from the test object (Freeman, 1932) and of the 
size of surround (Lythgoe, 1932, Hecht and Smith, 1936) are ehmmated by keeping 
the final resolution distance of the observer between 2 and 3 meters from the test 
object This is done by using wires between 12 n and 8 mm m thickness 

in 

Measuremetits 

We made three senes of measurements, all with S H as observer 
and E U M as recorder Senes I was exploratory, and involved 
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three separate runs, we used such wires as were easily available and 
determined the general relation between angular size and bnghtness 
After this, some of the wires were changed and the light source was 
put on alternating current and its voltage kept constant We then 
made senes II which also consisted of three independent runs 
Tinally, several weeks later, after further changes in the wires, and 



Fjg 2 The relation between the brightness of the background and the visual 
angle subtended by the thickness of the wire when it just becomes resolved agamst 
the illuminated background Senes 1, 2, and 3 are shown separately, the pomts 
for senes 3 are m their correct positions on the coordinates while senes 2 and 1 are 
moved to the nght 1 and 2 log units respectively Note the separate rdations 
shown by the low mtensitj measurements and the high intensity ones, correspond 
mg to rod and cone functions respectively The six curves drawn through the 
data represent the theoretical equation a — 611 + (l/hr/)'/*]* m which a is the 
visual angle I the light intensity, and 6 and fC are two constants 

a rninor change in the filter arrangements tve made the third senes of 
measurements consisting as before of three separate runs The 
averaged measurements for the three senes are given m Table I It 
IS apparent from Table I that both the hght intensity and the just 
resolvable visual angle correspondmg to it vary over a large range, 
for convenience of examination, therefore, the data are plotted in 
Fig 2 on a double loganthmic gnd 
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IV 

Rod, and Cone Vision 

Perhaps the most obvious property of the measurements as shown 
m Fig 2 IS their natural separation into two sections, one at the lower 
bnghtnesses, and the other at the higher bnghtnesses By now this 
IS a familiar phenomenon, and a similar division has been found in 
almost all visual functions when they have been measured over a wide 
intensity range (Hecht, 1937 a) It is practically certain that the 
low intensity section represents the behavior of the rod system in the 
retina, while the section at high intensities represents the behavior 
of the cone system, m accordance with the duplicity theory first 
suggested by Schul tze (1866) and later developed by von Knes (1929) 
and Pannaud (1881) 

In this connection we made some preliminary measurements usmg 
violet light instead of white In terms of the relative spectral sensi- 
bihties of the rods and the cones, it is to be expected that with violet 
light the separation of the two segments of the data will be greater 
than with white light This is true for dark adaptation, flicker, 
intensity discnmmation, visual acuity, and instantaneous threshold 
(c/ the review by Hecht, 1937 a) Our measurements, though too 
few to be recorded here, show the same phenomenon The low inten- 
sity section for violet is about 1 log unit to the left as compared to 
that for white light, while the high intensity sections are, of course, 
m the same position for both We may therefore safely conclude 
that the two sections of the data m Fig 2 correspond to the histo- 
logical and functional duality of the vertebrate eye as expressed by 
the duplicity theory 

It IS to be noted m Fig 2 that the fifth point from the right is above 
the curve m each of the three senes This is true for each run made, 
and IS a real phenomenon We measured this point with a vanety 
of combmations of wires, distances, and filters, but it always came out 
shghtly to one side of the Ime, as if at this mtensity there is some 
change in retinal function However, the point is not correlated 
with any subjective phenomenon, and its meaning is obscure 
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V 

Extenl of Resolving Power 

One of the striking things which the measurements show is the 
great range of resolution of which the eye is capable At the lowest 
light mtensities the eye can just see a hne whose thickness subtends 
a visual angle of about 10 mmutes, while at the highest intensity the 
just resolvable line subtends only 0 008 mmute which is very nearly 
0 5 second of arc This is a range of about 1 to 1200, and is 10 or 
20 times the range ordinarily found with test objects like a broken 
arde, a hook, or even a gratmg With such objects the resolution 
at the lowest hght intensities is usually between 20 and 30 mmutes 
of arc, while at the highest mtensities it is between 0 5 and 1 minute, 
thus covermg a maximum range of only 1 to 60 
This difference in range shown by the two kmds of test object 
occurs mamly m the upper light mtensities At low bnghtnesses, 
the two yield values of the same order of magmtude, at high mtensi 
ties the resolution with smgle Imcs attams a value about 60 times as 
great as with a hook or with a gratmg 
It IS worth notmg that these differences m the resolvmg power of 
the retma between a single Ime and a gratmg are not co nfin ed to the 
human eye Recently Ehrenhardt (1937) has measured with a lizard 
the relation between the mtensity of lUummation and the visual 
acuity With a grating made of equally wide spaces and bars the 
resolution at the lowest intensity corresponds to a visual angle of 
very nearly 1 degree, while at the highest mtensities it corresponds to 
an angle of 11 5 minutes, this is a range of about 1 5 However, 
with a grating made of spaces 30 tunes wider than the bars, the resolu 
tion at the lowest hght mtensities is about 30 minutes, while at the 
hipest mtensities it corresponds to about 1 3 mmutes, making a 
range of 1 25 Kote here too that at low hght intensities the just 
resolvable visual angle is much the same for both types of test object, 
and that the difference m range is the result of the better resolvmg 
power for widely spaced hues at the high hght mtensities 
A similar situation holds for the bee's eye With a grating of 
equal bars and spaces, the highest resolution corresponds to an angle 
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just equal to the smallest ommatidial separation (Hecht and Wolf, 
1929) On the other hand, a smgle bar can be resolved even when 
It subtends an angle only a quarter as wide as an ommatidium 
(Buddenbrock, 1935) 

VI 

Maximum Resolution and Intensity Discrimination 

The values obtamed at the highest mtensities deserve closer exami- 
nation At a maximum bnghtness of 30 nulhlamberts we could 
resolve with certamty a wire which subtends only 0 5 second of arc 
However, Fig 2 shows clearly that a slightly smaller angle would 
probably be resolved at still higher bnghtnesses As it is, 0 5 second 
IS a much smaller angle than the minimum of 3 to 4 seconds found 
by Hartndge (1922) for smgle Imes A number of individuals m 
the laboratory confirmed this small angle, most people havmg no 
difficulty m achieving it {cf also Shlaer, 1937) We attnbute this 
to the evenness of the lUummated background, the just resolvable 
angle mcreases rapidly when the background is irregularly lUummated 
For this reason we gave up very early the efforts to make the measure- 
ments with the open sky as background 

The geometnc image on the retma of the wire correspondmg to the 
highest resolution is barely 0 04 wide Since the central cones of 
the fovea are between 2 0 and 2 6 /x m diameter (Rochon-Duvigneaud, 
1907, 0sterberg, 1935), the geometncal image is only about 1/60 
of the width of a smgle cone 

However, as Rayleigh (1903) and Hartndge (1922) have pointed 
out, such computations of retmal distances are meanmgless, smce 
the image on the retma is too small to be descnbed m the simple 
terms of geometncal optics Because of diffraction at the pupd, the 
image of a wire is not a sharp black shadow covermg only a small 
fraction of a cone, but a fine fuzz of a shadow extendmg over several 
cones The distnbution of light under such conditions has been care- 
fully worked out by Rayleigh (1903), and though tedious to compute, 
is straightforward and simple 

Measurements of the pupil size, made dunng the course of our work 
showed that the pupil never was smaller than 3 mm m diameter 
even at the highest lUummaUons We have therefore used this 
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value in the computation o£ light dislnbution on the retina in terms 
of diffraction It is significant in this connection that visual acuity, 
though it vanes sharply with pupil diameter below 3 mm , is prac- 
tically constant for pupils larger than 3 mm (Lister, 1913 , Cobb, 1915 , 
Berger and Buchthal, 1938o) The constancy of visual acuity for 
pupils larger than 3 mm is probably due to the neutralization of two 
tendencies of the hght distnbution m the retinal image as the result 
of diffraction the image becomes better as the pupil mcreases, while 
as the result of chromatic aberration it becomes worse as the pupil 
increases (.Hartndge, 1918, 1922) 



Pig 3 Light intensity distribution in the diSiacted letinal images produced by 
three wires whose geometrical images are shown as three hues m the lower part 
of the figure The pupil is taken as 3 mm The scale on the top of the figure 
represents the retmal mosaic, consisUng of cones whose diameters are 23 p, this 
bemg the average size of the group of cones in the very center of the fovea 


We have computed the hght distnbution m the retinal image of a 
senes of wires, usmg Rayleigh’s equations and a pupil of 3 mm As 
an example. Fig 3 shows the results for three Imes whose geometncal 
images are 0 3, 0 5, and 2 6 p wide, corresponding to visual angles of 
41, 6 8, and 35 5 seconds respectively The distribution corre 
spending to the smallest resolvable angle (0 5 second) is so flat and 
near the upper edge of the ordinates that it can hardly be shown m a 
drawmg of this scale However, it has the same form as the others, 
and Its vertical dimensions are a constant fraction of those of the 
larger distributions Indeed, this is true of nearly all the sizes, except 
only the largest wires The curves m Fig 3 give the hght mtensity 
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at any point in the retinal image, the region below any curve means 
light intensity while the region above any curve means shadow or 
absence of light The scale at the top is marked off in units q{ 2 3 n 
representing the average cone separation in the fovea By deter- 
mining the area of light under the curve for each cone one can compute 
the relative amount of light falling on each cone 
Hartndge (1922) first made a computation of this sort for a wire 
subtending 8 seconds of arc He used a pupil of 2 mm and a cone 
width of 3 2 yti, and found a difference of 10 per cent between the light 
on the central cone and the ones on either side He chose an angle 
of 8 seconds for computation because of Rayleigh’s theoretical expec- 
tation that this IS the minimum resolvable However, he actually 
found a value of about between 3 and 4 seconds for the resolution of 
a black line against an illummated white surface, which would make 
the difference in light on two adjacent rows of cones more nearly 
5 per cent Even so, this is a fairly coarse intensity difference, and 
it IS hard to see how it can be the limiting factor in visual acuity One 
cannot explam this by recalhng that intensity discrimination becomes 
poorer with small areas (Lasareff, 1911, Heinz and Lippay, 1928, 
Steinhardt, 1936), because small areas are not involved in such meas- 
urements To be resolved at these fine angles, a Ime must be long, 
a great many times longer than it is wide, in other words, the number 
of retinal elements involved is large, and corresponds to areas such 
as yield the best values for intensity discrimination 
The present situation is indeed different from that envisaged by 
Hartndge The best modern histological measurements (Rochon- 
Duvigneaud, 1907 , 0sterberg, 1935) show the central cones of the 
human retina to be between 2 0 and 2 6 Moreover, our best resolu- 

tion with a 3 m m pupil corresponds to 0 5 second When the com- 
putation for mtensity distribution in such a retinal image is carried 
through for these data, we find a much more critical condition 
Assuming the general illumination on the retina to be 100 per cent, 
then It comes out that a central row of cones 2 3^ wide is illuminated 
by 98 83 per cent of the prevailing mtensity, while the row to either 
side has a light intensity of 99 78 per cent The difference m light 
intensity between the two rows is 0 95 per cent, and is a value near 
those usually found m measurements of mtensity discnmination at 



S HECHT Attn E tJ IHNTZ 


603 


high light intensities It corresponds to a value of A/// = 1/105, 
and IS exceeded only by Aubert’s (1865) best value of 1/146 and 
Helmholtz’s (1866) value of 1/167 at the highest illuminations For 
more moderate illuminations like our maximum the values generally 
range around 1 /lOO 

This computation tells us that a fine line is recognized at such small 
angles because even its fuzzv and extended shadow reduces the light 
on one long row of cones to a value which is just perceptibly less than 
the light on the row of cones on either side of it The line appears 
sharp because it produces a perceptible shadow on one row of cones 
only Note that the row of cones to either side of this cntical row 
has its illumination reduced by only 0 22 per cent compared to the 
prevaihng illumination next to it, and that this small difference m 
mtensity cannot be perceived, it would mean a A/// of about 1/400 
and carmot be achieved by the eye Thus when a Ime becomes 
recognizable, the light distnbution which it produces on the retma 
IS such that onlv one row of cones is just percepbblv shaded by it 

From Hartndge’s ongmal computation it was not clear why a line 
is perceived as a sharp line mstead of as a band of shadow gradually 
fading at the edges, and it has been necessary to assume some central 
nervous mechanism for converting such a gradual distribution mto 
a sharp line However, in view of our present computation the Ime 
appears sharp simply because its diffracted image on the retma affects 
only one row of cones differently from the rest Thus Hartndge’s 
idea that the maximum resolvmg power of the eye is determmed by 
Its capaaty for intensity discnmmation is even better than onginally 
anticipated 

We have supposed that in the retina the companson is made between 
the row of perceptibly shaded cones and the row immediately next 
to it This makes an intensity difference of just 0 95 per cent between 
the two rows However, in view of the nature of intensity difference 
perception (Hecht, 1935) , it is even more likely that what is recognized 
IS the mtensity difference produced on the central row of cones from 
the time it is affected by the general retinal illumination to the time 
when it IS affected by the shaded center of the image, and these 
successive mtensities ate achieved by the obvious eye movements 
made dunng the effort to resolve the line in the field Considered 
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this way, the intensity diflerence is about 1 17 per cent, which is also 
near the minimum perceptible intensity difference, but which leaves 
room for perception of the still smaller differences which must corre- 
spond to the better resolution shown by Fig 2 as possible at higher 
illuminations than those we used 


vii 

Visual Rcsoluhon at Di fferent Illuminations 

If the highest resolving power of the eye is determined by its maxi- 
mum capacity for intensity discrimination in the di/Tracted retinal 
image, is it not possible that the resolving power of the eye at any 
illumination is also determined by the intensity discrimination of 
the retina at that illumination? One may put this more directly. 
The essential point of the explanation of maximal visual resolution 
IS that because of the transformation of the optical image by diffrac- 
tion, the limiting factor in detail recognition is the capacity of the 
eye for intensity discrimination It is well known that the capacity 
for intensity discrimination vanes with the light intensity, therefore 
the visual resolution of detail must also vary with the light intensity 

The distribution of light in the diffracted image of a single line 
depends on the pupil size and on the width of the line, but not on the 
intensity of the light Therefore with a fixed pupil, the distribution 
depends on the width of the line, which at once sets the depth of 
shadow in the diffracted image, and fixes the light intensity on the cen- 
tral row of cones as compared either with that prevailing generally 
on the retina or with that on the row of cones to either side of the 
central row The fractional difference in light intensity produced 
on the retina is thus a fixed property of a given size of line, and has 
a specific value A///, where I is the background intensity and A/ 
IS the difference between it and the intensity on the shaded central 
row of cones Since the just perceptible fractional intensity difference 
M/I has a different value for each light intensity (Aubert, 186S, 
Koenig and Brodhun, 1889, Ilecht, 1935), the line will be resolved 
only at intensities which are equal to or greater than the value of / 
for which the particular fraction M/I is the just perceptible one 
This IS for a fixed size of line and a variable intensity 
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A similar situation exists for a fixed light intensity I and a test 
object of variable size The fixed value of I has, corresponding to it, 
a minimum fractional intensity difference which the retina can 
just recognize If now the opaque Une pro duces a n intensity dis- 
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the fracbonal mtensity difference A7// produced on the retina by these 
fine wires is, as a first approximation, directly proportional to the 
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Visual angle they subtend Therefore, if the limiting factor m visual 
resolution is intensity discnmination, then the relation between the 
just resolvable visual angle and the light mtensity should be the 
same as the relation between the just discnminable fraction AI/J 
and the light mtensity 

The essential condition for this denvation is that while the dif- 
fracted image of the wire extends over 5 or more cones, its geometrical 
image covers only a fraction of a cone This condition holds over 
nearly the whole of the range of visual angles resolved by the cones 
It begms to break down at the lowest cone resolutions because the 
geometncal images here begin to be wider than one cone But at 
these low intensities the function is taken over by the rods, and the 
situation becomes quite different 

It IS known anatomically for the central, foveal cones that they 
have a one to one connection with optic nerve fibers This is borne 
out by the maximal resolution of gratings which corresponds precisely 
to the dimensions of single cones (Shlaer, 1937) For the rods, how- 
ever, it IS established that many elements are connected with a smgle 
nerve fiber, and this corresponds to their very low resolvmg power 
In other words the unit of receptor action cannot be a single rod, but 
must be many rods How many, one cannot say, but judging by 
the relative numbers of rods and nerve fibers it is certainly larger 
than ten, and may be a hundred or even more, though there is no 
reason to suppose the number of rods m a receptor unit to be the same 
for the whole retina For our present purpose the precise number 
does not matter so long as it is more than a few rods For conve- 
nience assume the number as five m hnear dimension Smce the rods 
are about the same size as the central cones (psterberg, 1935), the 
whole of the diffracted image of the wire will fall on this rod umt, and 
will be recognized only as a total decrease in the hght Any change 
m the depth and width of the shadow produced by the diffracted 
unage of the wire results only m a decrease m the total hght falhng 
on the rod receptor umt, and this decrease will be directly propor- 
tional to the angular width of the wire since this determines the total 
amount of hght removed In short, here too the fractional intensity 
difference Al/I will be directly proportional to the angular width 
of the wire As for the cones, so for the rods provided that the 
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limiting factor m resolution is the retinal intensity discnmmation, 
then the relation between visual angle and intensity should be the 
same as the relation between AJ // and intensity 

It IS fortunate that the relation between the light mtensitv and the 
just perceptible fractional difference in intensity is known not only 
for the human eye, but for several other orgamsms as well Moreover 
all the cntical data for ail animals have the same form, and can be 
descnbed with high preasion by the same type of equation (see the 
review by Hecht, 1937a) For the human eye the equation is 

M/I - cll + (1) 

where I is the prevailing light intensity, A7 is the just perceptible 
increment or decrement in it, and c and K are two constants of which c 
IS the minimum value olAI/I obtained at the highest intensities, and 
K IS the reciprocal of the intensity at which A7/Z has a value of 4 
times the minimum The two constants have different values for 
cone vision and for rod vision, but the form of the equation is the 
same for both 

We have just seen that as a first approximation the cntical visual 
angle a for the resolution of a wire is directly proportional to AT/I, 
that IS a = Vat /I When this value is substituted in equation (1) 
it yields 

o - SIl + l/W/)’”? (2) 

where 6 = cV If equabon (2) is plotted as log a against log I, its 
form IS invanant and independent of the numencal values of 6 and K 
It IS this equation (2) which is actually drawn through all the data 
m Fig 2 both for the rod sccbons and for the cone secbons The 
value of 5 merely determines the posibon of the curve on the ordinates, 
while that of K fixes it on the abscissas It is apparent that the 
equation descnbes both parts of the data with reasonable fidelity, 
and this may be taken as evidence for the idea that at any intensity 
the visual resolution of a single fine is determined by the power for 
mtensity discnnunation of the retma at that light intensity ' 

^ In corapanng measurements of visual function over a wide range of light 
intensities with such theoretical curves as given by equation (2) it is necessary to 
correct for varymg pupil diameter (Reeves, 1918) and for pupil efficiency (Stiles 
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vni 

Visual Acuity and Illumination 

Our ongmal puipose m using a single line was to enable us to 
describe in almost complete detail the light distribution on the retina 
This has resulted m the present generalization about the interrelation 
between intensity discrimination and visual resolution at all mtensi- 
ties May it not be that the same interrelation holds not only for 
the smgle line but for more complicated test objects as well? 

It IS certain that for at least one test object the mterrelation cannot 
be earned over m its direct form This is for the case of a repeating 
pattern such as a gratmg, because many factors besides intensity 
discnmmation enter mto the measurements For mstanc6, the maxi- 
mum gratmg resolution can be sharply set by the dimensions of the 
receptor mosaic This is true for the bee’s eye (Hecht and Wolf, 
1929) , it also holds for the human eye (Shlaer, 1937) even when the 
mtensity differences on the retina are quite large Moreover in the 
human eye, pupil size can lumt gratmg resolution not as it affects 
diffraction and mtensity distribution but as it limits the transmission 
of the diffraction spectrum produced by the gratmg (Abbe, 1873, 
Shlaer, 1937) In other words, a gratmg, by its nature as a repeated 
pattern mtroduces extraneous elements mto the problem 

Other test objects like a broken circle or a hook, though more 
complicated than one hne, are nevertheless like it m being single 
units, and it is hard to see a really basic difference between such 
test objects and a Ime The broken circle or the hook must suffer the 
same transformation of geometneal image as the wire, it is merely 
that the exact computation of the mtensity distnbution becomes 
very difficult mdeed, so that one cannot envisage its precise relation 
to the retinal mosaic 

and Crawford, 1933) Examples are Blanchard’s data of instantaneous threshold 
(Hecht, 1937 b) and Koenig’s data of visual acuity (Hecht, 1937 o) We have 
made such corrections m the present data, and find that because of the com- 
paratively narrow range of intensities covered by each segment of the data, the 
pupil corrections do not change significantly the relation of the points in each 
segment to one another As a result the theoretical curve fits the data either 
corrected or uncorrected for pupil 
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A significant point m this connection is that when the relation 
between visual acuity and light intensity is measured even with the 
common single test objects, the data also follow equation (2) This 
IS true of Koenig’s (1897) classical data using a hook as test object, 
which have been recomputed and replotted (Hecht, 1937 o) and of 
Shlaer’s (1937) very refined and critical data usmg a broken arcle 
Note that visual acuity is generally defined as the reciprocal of the 
just resolvable angle a m mmutes of arc subtended by the critical 
element in the test object, and that equation (2) may be plotted in 
its stationary state form as done by Shlaer This agreement of 
visual acuity data with mtensity discnmmation data cannot obviously 
be considered as proof of their identity, the agreement, however, is 
pointed, when considered in the light of theorebcal expectabon 

SUMMAEV 

The visual resolution of a smgle opaque hne against an evenly 
illummated background has been studied over a large range of back- 
ground brightness It was found that the visual angle occupied by 
the thickness of the hne when it is just resolved vanes from about 
10 mmutes at the lowest illummabons to 0 5 second at the highest 
lUummabons, a range of 1200 to 1 

The relabon between background bnghtness and just resolvable 
visual angle shows two secbons similar to those found in other visual 
funcbons, the data at low light mtensibes represent rod vision while 
those at the higher mtensibes represent cone vision With violet 
light instead of white the two sections become even more clearly 
defined and separated 

The retinal image produced by the finest percepbble hne at the 
highest bnghtness is not a sharp narrow shadow, but a thin broad 
shadow whose density distnbubon is descnhed m terms of diflracbon 
optics The Ime of foveal cones occupying the center of this shadow 
suffers a decrease m the light intensity by vei^ nearly 1 per cent 
m comparison either with the general retinal illumination or with that 
on the row of cones to either side of the central row Smce this per- 
centage difference is near the limit of intensity discrimination by the 
rebna, its retmal recognition is probably the limibng factor in the 
visual resolubon of the hne 
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The resolution of a line at any light intensity may also be limited 
by the just recognizable intensity difference, because this percentage 
difference vanes with the prevailing light intensity As evidence for 
this it IS found that the just resolvable visual angle varies with the 
light intensity in the same way that the power of intensity discrimina- 
tion of the eye vanes with light intensity 
It IS possible that visual resolution of test objects like hooks and 
broken circles is determined by the recognition of intensity differences 
in their diffracted images, since the way in which their resolution 
vanes with the light intensity is similar to the relation between 
mtensity discrimination and light intensity 
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The purpose of this report is to present experimental evidence 
indicating the formation — during the actual process of photosynthesis 
and not before — of a material m relatively large quantities which 
combmes with or absorbs carbon dioxide This matenal or substance 
will for the present be called “carbon dioxide combining mtermediate” 
and certam of its defimtely estabbshed properties or attributes will 
be described m this paper The experiments estabhshing the existence 
of this carbon dioxide-combinmg mtermediate are entirelv new in 
type Likewise the mtermediate beats no evident relationship with 
any plant matenal previously descnbed as combinmg with carbon 
dioxide, bemg produced, as it is, only dunng the actual process of 
photosynthesis Its presence dunng photosynthesis can be measured 
by a "pick up” of carbon dioxide m darkness observable immediately 
following a high rate of photosynthesis That the mtermediate is 
chlorophyllous m nature is suggested by a simple stoichiometry of 
the order of umty that is found to exist between the number of carbon 
dioxide molecules taken up and the total number of chlorophyll 
molecules present in the plant The importance of this newly 
observed carbon dioxide combinmg mtermediate for our understanding 
of the process of photosynthesis as a whole is readily evident 
A simple chlorophyll carbon dioxide relation of some sort has been 
assumed in several theories of photosynthesis, although direct cheim 
cal evidence of any stoichiometric combination has heretofore been 
lackmg Emerson and Arnold (1932) demonstrated a hnear relation- 
ship between chlorophyll content and maximum rate of photosyn- 
thesis m flashmg hght for Chlordla, but here some 2000 chlorophyll 
molecules seemed to be associated with the reduction of 1 carbon 
613 
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dioxide molecule An. uptake of carbon dioxide by dead leaf material 
was found by Willstatter and Stoll (1918) and by Spoehr and McGee 
(1924) that was suggestive of the formation of a complex, but it is 
questionable whether this uptake could be related to photosynthetic 
processes taking place in the living plant since it was found to occur 
in the material of only a few of many plants studied Willstatter 
(1918) has shown that carbon dioxide will form a compound with 
extracted chlorophyll only when the latter is subjected to a relatively 
high pressure of carbon dioxide gas 
A detailed, and in the wnter's opinion closely related, study of the 
induction phase is also presented in this report Here a certain 
simple stoichiometry between chlorophyll and carbon dioxide is 
observed which likewise provides evidence for the view to be sup- 
ported m this paper that chlorophyll participates in the process of 
photosynthesis as an individual molecule rather than by units of 
several hundreds or thousands of molecules 
The literature on chlorophyll photosynthesis contains few observa- 
tions on the induction penod, on namely, the time course of photo- 
synthesis from the moment of illumination of a plant to the attain- 
ment of a constant rate of carbon dioxide assimilation or oxygen 
production under a given set of conditions The well known experi- 
ments of Osterhout and Haas (1918) are among the first recorded 
observations on the induction penod Warburg’s (1920) measure- 
ments of this phenomenon were made with his manometnc method 
wherein instrumental time lag was overcome by integrating the effect 
of a series of light and dark periods In Chlorella he found a 2 minute 
induction period following a 10 minute rest in darkness Van der 
Paauw (1932) used about the same procedure with Eonmdtmi and 
obtained sunilar results In addition he showed that a lower tem- 
perature lengthened the induction penod The observations of 
Kautsky (1936) and of Franck and Wood (1936) on the fluorescence 
of chlorophyll in leaves of higher plants show a sunilar induction 
penod with respect to fluorescence The earlier observations of the 
present writer (1937) were made with a spectrographic method of 
carbon dioxide measurement having so small a time lag that the 
mtegrational procedure was unnecessaiy These direct measurements 
of the tune course of photosynthesis showed that essentially the same 
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induction phase in carbon dionde assimilation — foUowmg a 10 minute 
"dark rest” (the penod of darkness previous to the observation of 
the induction penod) — occurred in a higher plant as in the algae 
studied by Warburg and Van der Paauw, and showed a greatly 
lengthened induction penod following several hours of darkness 
Smith’s (1937) manometnc observations on Cabomba show an induc- 
tion penod of 4 or 5 minutes following more than 30 mmutes darkness 
except for low light intensity where the penod is about one half as 
long Bngg’s (1933) observations on the non stomatal moss Mntum 
show an induction penod of 25 to 30 minutes following more than 2 
hours darkness He states that "penods shorter than an hour seemed 
to give a less marked induction ” 

The previous expenments of the author (1937), besides showmg 
that practically the same mduction phase occurred m the higher plant, 
wheat, as in the algae studied by previous workers, gave other evi 
dence mdicatmg that the mechamsm for carbon dioxide assumlation 
IS essentially alike in this higher plant as m algae, as might well 
be supposed In studvmg the effect of intermittent illumination 
(equal light and dark penods) on carbon dioxide assumlation, a limit- 
mg mcrease m efficiency (per umt of hght) of 100 per cent was 
approached as the length of the penods was decreased At l/60th 
of a second (the shortest used) the increase was about 90 per cent at 
20°C , mdicatmg essentially the same time factor for the Blackman 
reaction m the higher plant, wheat, as was found for Chlorella by 
Warburg (1919), and by Emerson and Arnold (1932) 

In all experiments reported m this paper the same kmd of plant, 
wheat (vanety ilarqms),^ and the same spectrographic method of 
carbon dioxide measurement were used as formerly (1937) Assimila 
tion measurements were taken at mtervals of 30 seconds The assimi 
lation rates mdicated graphically m the figures are the observed 
“apparent” rates and are uncorrected for respiration all rates reported 
numencally m either text or figure refer to corrected net assimilation 
In order to avoid ambiguity, the foUowmg terms are used m a specific 
sense throughout this paper mduction penod, mduction loss, dark 
rest, dark pick up, and plant uptake 

’ Seed kindly supplied by Br H H McKinney of tlie United States Depart 
njent of Agnculture 
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A Dark Ptck-Up of Carbon Dioxide by Green Leaves 

The following expenments were made primarily to compare induc- 
tion under both light-limiting and carbon dioxide-limiting conditions 
at rates of assunilation higher than possible in normal air carbon 



Vic 1 Tune course of carbon dioxide assimilation at 16° and 26°C for four 
hght intensities The dark pick-up appears at the two higher light intensities 


dioxide concentration However, they show the experimental condi- 
tions necessary for the observation of a dark pick-up of carbon 
dioxide so clearly that this more important matter will be taken 
up first Employmg a 10 mmute dark rest throughout, the course o. 
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assimilation was observed first under the conditions o£ normal air 
carbon dioxide (0 03 per cent), light intensity 3000 foot candles, and 
a temperature of 16°C Then the carbon dioxide concentration was 
raised to 0 30 per cent and the course of assimilation observed for 
light mtensities of 3000, 2000, 1000, and SOO foot candles The 
entire experiment was then repeated at 26°C In each separate expen 



Tig 2 Rate of carbon dioxide assimdation versus light intensity (from Fig 1) 
showing the nature and extent of the vanous limiting factors 

ment the plant was exposed to the chosen light mtensity for about 
10 minutes pnor to the 10 minute dark rest The data obtained for 
the higher carbon dioxide concentration are shown m Fig 1 Here 
the ordinate is carbon dioxide assimilated and the absassa is tune 
The downuard slope before and after the penod of illumination 
(IS mmutes) of the plant gives the rate of respiration From these 
data. Fig 2 has been drawn to mdicate better the nature and extent 
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of the limiting factors concerned in the vanous curves m Fig 1 It 
IS of mterest to note here m passmg the usual approach to a zero 
temperature coefficient under hght-hmiting conditions 
It is immediately apparent when Fig 1 is exammed that at the two 



Fig 3 Time course of carbon dioxide assimilation at 26°C under different 
Lght and carbon dioxide conditions 

higher hght mtensities the carbon dioxide assimilation continues for 
about 20 seconds after the plant ts darkened., mdicating a dark pick-up 
of carbon dioxide immediately foUomng a relatively high rate of 
photosynthesis The upper curve m Fig 3 shows this pick-up of 
carbon dioxide m darkness (and the conditions under which it is 
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observed) more dearly than the several curves ol Fig 1, because of 
the larger scale employed In Fig 3 the lower curve shows the 
course of assimilation under the conditions of carbon dioxide concen 
tration 0 3 per cent and light intensity 1000 foot candles The middle 
curve shows the course of assimilation under the conditions of carbon 
dioxide concentration 0 03 per cent and light mtensity 3000 foot- 


co, cove 03 VOL y 



fKEVIOUS KATS OF COj ASSIMILATION - c mm per min 
Fig 4 Relationship of the dark pick up of carbon dioxide to the previous 
rate of photosynthesis (These data irught better be represented by a single 
S shaped curve ) 

candles These two sets of conditions balance to give in both curves 
about the same rate of assimilation (corrected for respiration) — 97 
and 98 c mm per mmute (at 20°C and 760 mm pressure), but a 
scarcely appreciable pick up either under hght hrmtmg or carbon 
dioxide lumtmg conditions where the rate is greatly loitered The 
experimental error here is about ±5 c mm It should be noted that 
the greater smoothness of the data for the middle curve m Fig 3 
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IS due to the greater sensitivity of the spectrographic method at this 
lower carbon dioxide concentration The upper (broken) curve m 
Fig 3, where a much higher rate of assimilation (215 c mm per 
mmute) was obtamed, shows the nature and extent of the observed 
dark pick-up Here it is seen that the carbon dioxide assimilation 
continues for about 20 seconds after cessation of illummation, so 
that the line for the respiration rate drawn back to the time of light 
cessation shows an mtercept givmg the amount of the pick-up m 
darkness (52 c mm , upper curve) 

In Fig 4 the dark pick-up is plotted (data from Fig 1) against 
previous rate of carbon dioxide assimilation as governed by varying 
light intensity From these curves it follows that the dark pick-up 
is observable experimentally only following a relatively high rate of 
assimilation Fig 4 indicates little or no pick-up observable at low 
previous rates of assimilation, but as the rate is mcreased by increasing 
light intensity the observable pick-up becomes marked It is pos- 
sible that a single curve would better represent the data m Fig 4 
The compensation points (where respiration balances assimilation) 
for 16° and 26°C (17 and 32 c mm / mm ) are indicated on the 
abscissal scale by small arrows In Fig 1 it is seen that in both the 
3000 foot-candles experiment of the 16°C group and the 2000 foot- 
candles expenment of the 26°C group a marked pick-up is apparent 
The latter case is under practically hght-limiting conditions while 
the former is under strong carbon dioxide limitation (see Fig 2) It 
appears then that high previous rate of assimilation (necessarily high 
light) rather than any particular limitation of carbon dioxide or light 
is essential to the observation of the pick-up 
Further experiments were made to determine the relation between 
time of illummation and appearance of the pick-up Here the carbon 
dioxide concentration used was 0 30 per cent, the temperature 21°C , 
and the light intensity 4000 foot-candles After a dark rest of 10 
minutes in each case the course of assimilation was observed for a 
light period of 5 minutes, 2 minutes, 1 minute, and 30 seconds 
Typical results are shown m Fig 5 It is apparent here that the full 
pick-up IS attained by the tune the plant is out of the induction period 
The inset m Fig 5 compares the rate of assimilation dunng and after 
the mduction period with the correspondmg pick-up observed The 
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ordinate scale for the pick up has been adjusted to bring the maia- 
mum pick up and equihbnum rate of assimilation together Here it 
IS evident that the pick up is closely correlated with the rate of assuni- 



TIMe MtHUT£S 

Fig 5 Dark pick up veriMi tune of lUummation, showing that the manmum 
pick up 13 attained as soon as the plant is out of the induction penod 

lation dunng the induction period The experimental error m 
measurmg a pick up for 30 seconds and 1 imnute illummations is 
large Values of the pick up plotted in the inset for these tunes were 
obtained by companng the vertical difference between the straight 
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lines representing the respirational rate before and after the light 
periods with corresponding ordinates (mean values) on the 5 minute 
and 2 minute curves A small pick-up was indicated for the 1 minute 
period and essentially none for the 30 second period The experi- 
ments shown in Fig 5 indicate, interestingly enough, that an inherent 
error is present m rate measurements during the induction penod 
when the manometnc integrational procedures heretofore used (as 
by Warburg (1919)) are followed, for the pick-up is included in the 
measurement for each tune interval, producing thereby an apparent 
rate higher than the actual “instantaneous” rate 

That the pick-up of carbon dioxide in darkness is not an mstru- 
mental effect is evidenced by the fact that the instrumental lag is 
about 3 seconds, whereas the effect corresponds to about a 20 second 
lag The data shown in Fig 4 are uncorrected for this lag For a 
previous rate of 100 c mm per mmute the true pick-up is no more 
than 5 c mm less than shown 

Many different tests were made to venfy the experimental reality 
of the pick-up of carbon dioxide in darkness described In every case 
where the previous rate of carbon dioxide assimilation was several 
tunes that possible in normal air carbon dioxide concentrations, a 
definite pick-up was observed In one typical experiment where the 
light intensity was 8000 foot-candles, carbon dioxide concentration 
0 15 per cent, and rate of carbon dioxide assimilation 240 c mm /mm , 
the pick-up in darkness was 40 c mm Comparing this with the 
data shown in Fig 4, it is apparent that in these experiments the 
previous rate of carbon dioxide assimilation was the mam factor 
determmmg the pick-up of carbon dioxide It is of interest to men- 
tion m passing that the maximum rate of 215 c mm per mmute 
(Fig 2) IS about three times the maximum value per unit wet weight 
observed by Smith (1937) with Caboinba at three times the present 
carbon dioxide concentration and ten times the present light intensity 
These high assimilation values of wheat are still somewhat below 
those reported by Alten and Goeze (1938) 

Further experiments were made m an effort to determine if this 
pick-up might possibly be due to “free” chlorophyll In these expen- 
ments the plant was “conditioned” m carbon dioxide-free air and 
high hght intensity for one-half hour, this treatment supposedly free- 
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mg chlorophyll Carbon dioxide was then suddenly (2 seconds) 
admitted to the system without break in illumination, and the subse 
quent course of assimilation m light observed (In some experiments 
the plant was darkened when the carbon dioxide was admitted and 
the subsequent course of respiration was observed ) In these tests 
when only enough (exactly measured) carbon dioxide was added to 
brmg the concentration to the normal air value of 0 03 per cent, no 
appreciable pick up of carbon dioxide was observed (the small amount 
needed to saturate the plant volume is less than experimental error) 
When more carbon dioxide was added — for example, enough to bnng 
the concentration to 0 3 per cent — the experimental error in delivering 
the 6000 c mm of carbon dioxide needed was of the same order 
(60 c mm ) as the best pick up yet observed Probably the most 
cntical experiment (least experimental error) showmg no pick-up 
after these particular conditioning penods was when no carbon dioxide 
was added subsequent to conditioning Here the system was simply 
closed on zero carbon dioxide and the subsequent course of respiration 
m darkness or assunilation (of respited carbon dioxide) in light 
observed An example of the latter will be shown m Fig 9 In 
these experiments there was no decrease in rate of respiration when 
the system was closed and the plant darkened, and no significant 
departure from a Imear relationship between rate of assiimlation and 
carbon dioxide concentration when the light was left on the plant 
after the system was closed 

The Relation of the Induction Phase to the Previous Dark Rest 

It was found earher by the wnter (193?) that the induction penod 
was many times longer after a night (10 hours) of darkness than after 
a short (10 mmute) dark rest This fact led the writer to study this 
phenomenon for a range of dark rests from 20 seconds to several hours 
The results of these observations are shown m Fig 6 Here the carbon 
dioxide concentration was that of normal air (0 03 per cent), the hght 
mtensity was ISOO foot candles, and the temperature 20'’C A study 
of Fig 6 will show that both the length of the induction penod and 
the amount of carbon dioxide mvolved (“induction loss”) are deter 
imned by the previous dark rest 

The marked dependence of the length of the induction penod upon 
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Fig 6 Time course of carbon dioxide assimilation for different previous dark 
rests, showing the effect of this dark rest upon the mduction penod and mduction 
loss 
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DARK R£ST - A'/NUTFS 

Fig 7 Induction loss versus dark rest, sbowmg the time course of the reactions 


occurrmg m the dark which are responsible for the phenomenon of induction 
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the previous dark rest shown in Fig 6 — thus for a 30 minute dark 
rest it IS two to three times as long as for a 5 mmute dark rest and 
after a mght of darkness it is IS mmutes or more — tends to bnng 
together the rather discordant values reported m the literature pre 
viously mentioned It is evident now that the mam factor operating 
to give the range of values found m the literature has been the length 
of the dark rest employed This is more likely than the suggestion 
of Manmng (1938) that the diversity of charactenstics of the mduction 
period for different plants may be due to a different mechamsm for 
induction in different plants, and is quite m hne with the view 
expressed by Burk and Lmeweaver (1935) that “ with a process so 
highly specific, it is unlikely that nature would develop a wide vanety 
of fundamentally different paths ” It was pomted out by McAlister 
(1937) that the ordmate interval between any given curve at the 
pomt of illumination (hght on) and the mtersection of the straight 
hne of the constant final rate of assumlation extended backward 
to this time represents an amount of “carbon dionde lost to photo 
synthesis” dunng the induction period, an amount hereinafter to be 
called mduction loss The induction loss, which is both a different 
and a more quantitative measurement of induction than the length 
of the mduction period, is plotted on the ordmate axis against the 
corresponding dark rest on the absassal axis in Fig 7 (The ordinate 
scale actually used is the molar ratio of induction loss to chlorophyll 
content ) 

The data for Figs 6 and 7 were obtained m the foUowmg marmer 
The plant was given a certam penod of darkness and then the course 
of assimilation observed at 30 second mtervals, giving a curve in 
Fig 6 The induction loss for this dark rest gives one pomt on Fig 7 
This was repeated for all the dark rests shown, the experiments not 
being made m order, until enough data were obtained to establish 
the shape of the curves shown m Fig 7 In this way, t e by studying 
induction after different dark rests, the tune course of the dark reaction 
or reactions responsible for the mduction phase was observed Fig 7 
actually gives evidence of two dijfferent dark reactions bemg mvolved 
The first is a rapid reaction progressing approximately hnearly with 
dark tune (zero order) and attammg completion in about 1 minute 
(at 20°C ) The second is a much slower reaction that goes on for a 
number of hours (see especially inset) 
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The relation of the induction loss to the amount of chlorophyll 
present in the plant was obtained by measunng the chlorophyll con- 
tent of the plants (the blades and sheaths of the leaves only were 
assayed) at the end of a 24 hour senes of observations, yielding the 
results mdicated in Fig 7 The chlorophyll content was estimated 
by the method of Willstatter and Stoll, as modified by Schertz (1928), 
companson bemg made spectrophotometncally with a standard sample 
of chlorophyll obtained from Dr Schertz An average value of 1 06 
per cent of the dry weight of the leaves for total chlorophyll was 
obtamed The ratio of the number of moles of carbon dioxide m 
the induction loss to the number of moles of chlorophyll present m 
the leaves of the plants under test is used as the ordinate scale in 
Fig 7 By assuming that van den Honert’s (1930) assimilation num- 
ber for Hormtdtum applies to van der Paauw’s data (1932) on induc- 
tion with Honmdttim, the mduction loss may be compared with chloro- 
phyll content m the latter experiments An estimated ratio of about 
unity is obtamed Calculation of Smith’s (1937) data, with the 
assumption of the same chlorophyll content per unit wet weight as 
m wheat, also yields a ratio of the order of unity 
Fig 7 agrees very well with Fig 4 m the paper by Franck and 
Wood (1936) These authors were observmg curves of recovery of 
fluorescence in green leaves m darkness, and they state "They [the 
curves] are stnctly Imear It seems that after the apparent equi- 
libnum IS reached (which takes the time of the order of magnitude 
of one minute) a very slow and small nse takes place for hours, as is 
mdicated by the higher maximum observed after a whole night’s 
repose m the dark ” These two entirely different methods of observa- 
tion have thus jaelded almost identical results, and the close rela- 
tionship between fluorescence of chlorophyll and photosynthetic induc- 
tion IS almost certainly established 
The experiments of Fig 6 were all made with normal air carbon 
dioxide concentration and a hght intensity high enough for carbon 
dioxide to be somewhat limitmg In order to compare mduction 
under both light-limitmg and carbon dioxide-limitmg conditions, at 
higher rates of assimilation, the previously descnbed experiments 
shown m Figs 1 and 2 were made When Fig 1 is exammed, keeping 
Fig 2 m mmd, it is apparent that m passmg from hght-lumtmg to 
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carbon dioxide luniting conditions (here low to high hght), all else 
being constant, there is a marked increase m the amount of carbon 
dioxide lost to photosynthesis during induction (induction loss, see 
Fig 6) 

The rather abrupt increase m induction loss as carbon dioxide 
becomes limiting shows up more clearly in Fig 8, where the induction 
losses observed in Fig 1 are plotted against the rate of assimdation 
attained For both 16° and 26°C , the loss goes above the extended 
straight line that holds for light limiting conditions (In regard to 
how far this “hght limited” hne would contmue Imear — with either 
the 10 minute dark rests here employed or other durations — it is well 
to bear m mmd that the abscissa is not hght mtensity but rate of 
assimilation as determined by hght intensity ) Smith’s (1937) data 
on induction when similarly treated yield a curve like those in Fig 8 
The induction losses for the normal air case (0 03 per cent carbon 
dioxide) at 16° and 26°C (shown here by two particular pomts only) 
also appear above this straight hne, agam indicating somewhat more 
carbon dioxide lost to photosynthesis, tor a given rate of assimila- 
tion, under carbon dioxide lumtmg than under hght limiting condi 
tions This comparison is made even more exactly and stnkmgly 
in the previously described experiments shown in Fig 3 Here the 
two sets of conditions tor the two lower curves balance to give about 
the same rate of assimilation (corrected for respiration) — 97 and 
98 c mm per mmute — but the induction loss is considerably greater 
under carbon dioxide hmitmg conditions (80 c mm ) than under 
hght hmitmg conditions (50 c mm ) The experimental error here 
IS at most ±5 c mm The upper (broken) curve m Fig 3, where 
carbon dioxide is the mam hmitmg factor at a higher rate of assimila 
tion (215 c mm per minute), shows an even greater mduction loss 
(180 c. mm ) 

The results shown in Figs 3 and 8 indicate that the mduction 
losses given in Fig 7 would be reduced by about one half if this expen 
ment had been performed under light limiting conditions, although 
this cannot yet be definitely stated except for the 10 minute dark 
rest penod, complete data not being at hand 

Experiments that need not be discussed here have established 
another fact of interest, namely An mduction penod is observed m 



CO 3 : coAfc 03 yol % 



Fig 8 Induction loss utrsus rate of assimilation, showing a linear relationship 
under light-hmiting conditions 



Fig 9 Tune course of carbon diomde production after a conditioning period 
(see text), showmg no pick-up after conditiomng and no effect of light on 
respiration 
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passing suddenly from a long illumination at low light intensity to 
high hght intensity The mduction losses found in changing from 
darkness to low light and from low hght to high hght add up to approxi 
mately the same induction loss as is found in passing from darkness 
to high hght The converse of this experiment is yet to be performed 
and will have especial mterest in relation to the dark pick up, which 
has so far only been measured upon passmg to zero rather than 
lowered hght intensibes 

In the experiments where carbon dioxide was admitted after the 
conditiomng penod it was quite dear that the plant was brought out 
of the mduction phase by the conditioning m hght even m the absence 
of carbon dioxide Here no induction penod in the rate of assimila- 
tion was apparent when the carbon dioxide was suddenly admitted 
to the plant chamber after several mmutes of intense illumination 
The assimilation began immediately at about the otherwise normal 
value In other words the presence of carbon dioxide (in measurable 
concentration) is not necessary to bnng the plant through the indue 
tion penod upon exposure to hght 

The Absence of a Direct Effect of Light on Respiration 

In some of the conditioning experiments previously mentioned is 
found unmistakable evidence that hght has no effect on respiration 
m the higher plant used This was an unplanned result, but is of 
such pertment interest as to call for mention here One of these 
expenments is shown in Fig 9 Here, before the system was dosed, 
air free from carbon dioxide but with normal oxygen content was 
rapidly blown through the plant chamber effectively keepmg the plant 
under carbon dioxide free conditions This treatment was contmued 
for one half hour The hght mtensity on the plant was 4000 foot- 
candles and was maintained when the system was dosed The upper 
curve in Fig 9 shows, first at the left, readmgs at a constant level 
lor no carbon dioxide m the system, then at time marked zero the 
svstem was closed and respiration appears immediately at a rate equal 
to the dark value even though the plant was illurmnated Very soon, 
however, some carbon dioxide concentration is built up and assimila 
tion sets in as seen by the departure from the dashed hne representing 
respiration and by the slowly reduced rate of production of carbon 
dioxide shown m the lower curve After 10 mmutes of this the plant 
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was darkened and the dark respiration appears unmediately at the 
same rate as when the plant was illuminated in the absence of carbon 
dioxide If any effect such as reported by van der Paauw (1932) was 
present in these experiments the rate of production of carbon dioxide 
when the system was first closed would have been more than twice 
the dark rate shown, rather than unchanged This result is in agree- 
ment with previous but less direct experiments of the writer (1937) ^ 

DISCUSSION 

Before any significance for photosynthesis can be attached to the 
pick-up of carbon dioxide m darkness, it is desirable to ascertain if 
this amount is greater than that which the plant volume (independent 
of any specific intermediate binding) would be expected to take up 
m bnnging itself to equilibnum with the carbon dioxide concentration 
m the surrounding air, « e , 0 3 per cent The volume of leaf matenal 
in the plant used in the experiments of January 29, 1938, was 2 7 cc 
(i e , wet weight 2 73 gm ) The maximum possible plant uptake 
to satisfy a deficit under the most extreme carbon dioxide-deficient 
conditions would be the amount necessary to bnng the total carbon 
dioxide concentration in the plant from 0 to 0 3 per cent, which 
(assuming an absorption coefficient of about unity as for water^), 
is 2 7 cc X 0 003 atmospheres X 1, or about 8 c mm This is less 
than one-sixth the amount observed (see Fig 4), and much less than 
one-sixth assuming less than extreme carbon dioxide hmitation It is 
also improbable that a buffer solution in the plant would be exhausted 
during photosynthesis and should be filled up in the dark because this 
would take more than 20 seconds tune Consequently it is believed 
that the observed dark pick-up has a real bearing on the mechanism 
of photosynthesis It is of mterest to note that if the experiment 
were made at 3 per cent carbon dioxide (higher concentration) and 
(of course) higher light, the pick-up obtained, if not too greatly 
different than already measured, would be of about the same amount 
as that due to the plant uptake, for 3 per cent carbon dioxide 
concentration the maximum plant volume uptake would be about 
80 c mm Thus the dark pick-up is probably most clearly observable 

* This IS contrary to the recent suggestion of Blinks and Skow (1938 h) 

® See Smithsonian Physical Tables, Washington, D C , Smithsonian Insti- 
tution, 8th edition, 1933, 221 
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at some intermediate carbon dionde concentration, of the order 
actually used, rather than at some extreme concentration This 
reasonmg presupposes, of course, that at much higher assimilation 
rates than yet achieved a limiting pick up set by the number of inter 
mediate molecules would be obtained (even if not yet observed), 
mcreasmg carbon dioxide concentration would thus contmue to 
mcrease the plant uptake m relation to dark pick up and increasmgly 
obscure the latter beyond a certam set of optimal values 
This brmgs us to the most important conclusion of the present 
paper, namely the facts that this dark pick up (1) is an experimental 
order of magmtude greater than that expected for the plant volume 
commg to equilibnum with its sutroundmgs (plant uptake), (2) cannot 
be due to the action of a buffet solution m the plant, and (3) is of an 
amount — molecule for molecule— equal to one quarter or more of the 
total chlorophyll present (see Fig 4), strongly suggest the formation 
dunng photosynthesis of a simple carbon dioxide combmmg inter 
mediate very probably chlorophyllous m nature It is believed that 
a curve such as shown m Fig 4 represents roughly the functional 
relation between the “population” of the mtermediate (or mter- 
mediates) and the rate of photosynthesis 
It IS very interesting to note that the pick-up and its marked func- 
tion of previous rate of assimilation are called for and theoretically 
predicted by the well known kmetic mechanism proposed by Burk 
and Lineweaver (and several others in less detail) (1935) Employing 
a minimum of one light and three dark reactions, the schema of Burk 
and Lineweaver (for the steady state rate of photosynthesis after 
the induction phase) is as follows 


(1) Dark 

(2) Light 

(3) Dark 

f Blackman 
\ reaction 

(4) Dark 


CkU -1- CO CAI,CO, (Compleai) 

CA(,CO,(-l-nfer) CU CO,* (Complei,) 

CM CO,* + E^CM CO,*£ (Complex^ 

CM CO,*£ -* CM -b £ -k Product, 


or where saturation ol the Blackman enzyme £ need not be considered, as or 
dinanly, (3) and (4) may be written 


(3') Dark 


Blackman 

reaction 


CALCOa* — r CMc -b product 


CMe IS a chlorophyllous mtermediate or complex 
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This mechanism explains the observed pick-up of carbon dioxide 
in darkness as follows The amount of the pick-up is determined b} 
tlie amount of Chic involved in (3') Darkening the plant stops (2), 
and (30 continues for a fraction of a second until all the chlorophyll 
complexes concerned therein become Clth It is (1) that is respon- 
sible for the observed pick-up of carbon dioxide m darkness Since 
the amount of Chic involved in (30 is a function of the rate of assimila- 
tion, the pick-up due to (1) is obviously a marked function of the 
previous rate of carbon dioxide assimilation The concentration of 
Complexa does not increase linearly with rate, or conversely decreases 
faster than the rate falls as suggested by the shape of the curves in 
Fig 4 The amount of carbon dioxide involved in any pick-up so 
far observed, t e the maxumum ratio of carbon dioxide to chlorophyll, 
is as yet only about 1/4 (Fig 4), but this is quantitatively as well 
as qualitatively expected by the mechanism of Burk and Lmeweaver 
since m the experiments concerned the assimilation rate attained was 
still only of the rough order of 1/4 or less of the maximum possible 
if the carbon dioxide and also the light were completely nonlimiting 
As already explained, to measure a pick-up ratio of nearly unity 
involves some special difficulties, and to obtain a ratio of 1/4 under 
the experimental conditions employed is equivalent to obtaining a 
ratio approximating unity (or even 2 in the event of ChldCO^^ under 
conditions of saturating carbon dioxide concentration and light 
intensity 

The writer realises that it is a problem as to what happens to the 
carbon dioxide picked up, if no light is added for a long time A slow 
dissipation (zero order or otherwise) would be lost in respiration A 
correlation of the probable disappearance of the intermediate (or 
intermediates) with the dark reactions shown m Fig 7 suggests itself, 
but this conjecture is probably premature 

Further striking indications of a simple carbon dioxide-combining 
chlorophyllous intermediate, as postulated in the commonly con- 
ceived mechanisms collated by Burk and Lmeweaver (1935), derive 
from the quantitative aspects of the time found to be involved for 
the dark pick-up, 10 to 20 seconds The pick-up can scarcely be 
much faster than the previous rate of assimilation in view of the 
partial CO 2 lunitation operating In Fig 3, top curve, the assimila- 
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tion rate is 215 c nun per nunute The number of chlorophyll 
molecules, on a basis of a 1/4 to 1/2 pick-up, is equivalent to about 
SO c mm of carbon dioxide Hence 50/215 minutes or about 15 
seconds is the order of tune required It might have been thought 
that a pick-up "was bound to be involved at a high rate of assimilation 
under carbon dioxide Irmitmg conditions, but the order of magnitude 
of time required, in relation to the previous rate of assimilation calls 
for a number of molecules of carbon dioxide predicted by the sue 
of the chlorophyll unit, thus if the pick up corresponded to a unit 
of 2000 molecules of chlorophyll per molecule of carbon dioxide the 
time calculated would have been 15/2000 seconds, and not IS seconds 
as on a basis of unity 

The experimental evidence so far at hand mdicates that the mate- 
nal responsible for the pick up is an mtermediate formed only during 
photosynthesis If a pick up had been observed after the conditioning 
treatments used it would have suggested that ordinary free chlorophyll 
m the plant combined directly with carbon dioxide and that this free 
chlorophyll was responsible for the observed pickup The con- 
ditioning experiments were planned with this possibility m mmd, it 
being thought that strong lUummation in the absence of carbon 
dioxide would, by the process of photosynthesis, free the chlorophyll 
from any carbon dioxide bound to it, so that when carbon dioxide 
was admitted after the conditiomng it would immediately become 
attached to the chlorophyll Smee no pick up was observed here 
we must conclude either that an mtermediate formed durmg photo- 
synthesis IS responsible for the observed pick up or, as there would 
be little reason to suppose, that the chlorophyll was not made free 
by the conditioning treatment 

The striking correlation between the progress of the fast dark 
reaction shown in Fig 7 and the recovery of fluorescence of chloro 
phyll in leaves m darkness shown by Franck and Wood (1936) is of 
importance m demonstratmg a real relation of fluorescence to photo 
synthesis This rapid dark reaction, going to completion m about 
1 mmute, may logically be associated with the minimum growth 
effects found m intenmttent light experiments at mtermittenaes of 
about 1 mmute by Gamer and Allard (1931), Iggena (1938), and 
others 
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The earlier studies of the author (1937) and the data herein reported 
on the induction phase bring out clearly the fundamental nature of 
this phenomenon It has been shown that both the time factor and 
the induction losses are essentially the same m higher plants as in 
algae The present studies of the induction loss have shown the 
same tune factor and order (zero) for the dark reaction causmg 
induction as was found by means of the fluorescence of chlorophyll 
(Franck and Wood (1936)) The linear relation between induction 
loss and attained rate of assimilation under hght-hmiting conditions 
also emphasizes a fundamental relation between induction and photo- 
synthesis In view of all this it appears reasonable to the writer 
to assume that the number of carbon dioxide molecules “lost to 
photosynthesis” during induction (the induction loss) gives an approxi- 
mate measure of the number of elementary photosynthetic units or 
cycles unoperative or compensated for during induction Some 
chlorophyll units are no doubt involved in the cycle more than once 
during the induction penod, which complicates the “counting ” 
Nevertheless, the fact that the molecular ratio of the mduction loss 
(after 1 minute dark rest) to total chlorophyll is of the order of 1/2 
leads the writer to believe that chlorophyll enters into the photo- 
synthetic process as essentially an individual molecule, and not as 
part of a very large multimolecular unit It must be admitted that 
this does not ofier immediate help m explaining light saturation under 
high carbon dioxide concentrations It does indicate, however, the 
necessity of an explanation of this along lines other than that of the 
assumption of a “photosynthetic unit” of the order of 2000 chloro- 
phyll molecules associated with the reduction of one carbon dioxide 
molecule, some explanation for example, of the type offered by Franck 
and Herzfeld (1937) 


SUMMARY 

Using a rapid spectrographic method of carbon dioxide measure- 
ment previously described by McAlister (1937) further studies on 
the tune course of photosynthesis in the higher plant, wheat, vanety 
Marquts, are herein reported Of major importance m this work is 
the discovery of a pick-up of carbon dioxide in darkness immediately 
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foUowmg a high rate of photosynthesis (see Figs 3 and 4) This 
pick up 15 believed to be due to the action of a carbon dioxide 
combining intermediate, ^ e , the “acceptor molecule” for carbon 
dioxide m photosynthesis The conditions under which this phe 
nomenon has so far been observed indicate that the intermediate is 
formed m relatively large quantities during the actual process of 
photosynthesis and not before That the intermediate is chloro- 
phvUous in nature is suggested by a simple stoichiometry of the order 
of unity that is found to exist between the number of carbon dioxide 
molecules taken up and the total number of chlorophyll molecules 
present in the plant This is in opposition to the idea of a large 
photosvnthebc umt of some 2000 chlorophyll molecules operating 
together in the reduction of 1 carbon dioxide molecule 

Further studies of the mduction phase under various conditions of 
previous dark rest and of carbon dioxide and light limitation are 
herein descnbed Employmg the simple hypothesis that the number 
of carbon dioxide molecules not reduced dunng the mduction penod 
(induction loss) gives a measure of the number of elementary photo 
synthetic cycles unoperative or compensated for durmg induction 
together with the experimental fact that this mduction loss is of the 
order of the total number of chlorophyll molecules present, these 
latter studies also mdicate, m a less direct manner, that chlorophyll 
partiapates in photosynthesis as an mdividual molecule and not as 
part of a very large multimolecular chlorophyll unit 

The fast dark reaction lastmg about 1 minute (Fig 7) required 
to reproduce both (a) the phenomena of mduction m carbon dioxide 
assimilation and (6) the recovery of fluorescence of chlorophyll m 
leaves in darkness as observed by Franck and Wood (1936), demon 
strates a close relationship between the fluorescence of chlorophyll 
and mduction m photosynthesis 

The rate of respiration (carbon dioxide production) of the higher 
plant, wheat, was measured under mtense lUummation and in the 
absence of carbon dioxide (to suppress assimilation) This value 
was found to be identical with the dark respirational rate measured 
before and after the light penod, mdicatmg very positively the 
absence of any direct effect of light on respiration 
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I 

INTRODUCTION 

Pantothenic acid is known to be present in a wide variety of tis 
sues (1, 2) Its ubiquity suggests that it is a factor essential to cell 
physiology rather than a compound with a more localized function 
Results have been published showing its effects on yeast growth (1) 
and indicating a relationship with the carbohydrate metabolism of 
both yeast and green plants (alfalfa) (3, 4) In the experiments 
here repotted it has been found that pantothenic aad has stimulative 
effects on the respiration of yeasts, on fermentation by non living 
enzyme preparations, and on the respiration of certain vegetable 
tissues 

All of the respiration studies were made with a fourteen unit War 
burg Barcroft microrespirometer A temperature of 30°C and an 
atmosphere of air was used in all cases The two vessel method out- 
lined by Dixon (5) was used with the following precautions (1) 
Shaking at a rate of 100 oscillations per minute and an amplitude of 
4 cm eliminated any diffusion effects (2) Buffers (phosphate) 
were used to maintain constant pH (3) Manometers were opened 
frequently (between readings) so that the Oj pressure was not sig 
mficantly lowered (4) IVhatman No 40 “KOH papers” were used 
and found to give accurate results even when the Oi consumption 
was small (5) The pantothenic acid was added as the calcium salt 

* The authors acknowledge their indebtedness to The Rockefeller FoundaUon 
for a substantial grant which made this work possible 
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in a preparation which was approximately 25 per cent pure Much 
previous work on material of even lower purity indicated that the 
preparations are biologically pure The calcium ion was proved 
not to be responsible for the effects by testmg a range of concentra- 
tions of CaCb This was probably an unnecessary precaution since 
extremely low concentrations of the pantothenic acid were used 
(6) Proper thermobarometnc and other controls were run 

H 

Effects on the Resptrahon and Growth of Living Yeasts 

In this part of the study the effects of pantothenic acid on yeast 
respiration and growth were mvestigated and its effects compared 
with, and related to the effects of certam compounds known to be 
biochemically important (6-8) 

Two yeasts were studied (1) Gebruder Mayer yeast grown on 
Williams’ medium (9) plus a low dosage of pantothenic acid This is 
a synthetic medium except for the pantothenic acid which must be 
added in order to get a crop large enough for the experiments (2) 
Fleischmann’s yeast used directly from the center of a fresh retail 
cake This yeast affords a readily available standard and its res- 
piration was found to be reasonably constant from day to day The 
G M yeast when grown as descnbed is deficient in all factors which 
it cannot synthesize An assay of the pantothenic aad present indi- 
cated that It had less than one-tenth as much of the acid as normal 
yeast Similar deficient G M yeast was used m the previously re- 
ported preliminary experiments on the effect of pantothenic acid on 
CO 2 and O 2 exchange (3) 

Three basal synthetic media of mcreasmg degrees of completeness 
were used (1) 0 2 molar c p sucrose (Experiments usmg ordinary 
sucrose indicated that it contams a respiration stimulant) (2) 
Medium 1 plus the inorgamc salts and “trace elements” of WiUiams’ 
medium m twice the concentration m which they are found m that 
medium (9) (3) Medium 2 plus 10 gm /-asparagme per liter As 

used in the respirometer flasks the final medium contained 1 cc of 
one of these three basal media, 1 cc of KH2PO4 solution (4 gm per 
liter), and 0 4 cc of distilled H 2 O contaimng the compound to be 

studied 
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The following compounds were investigated Pantothenic aad, 
thiamm (Merck’s Betabion), alanine, ethanolamine, meso mositol, 
indole 3 acetic aad, nicotinic aad, punehc acid, uracil, and 3,5 dmi- 
tro-o cresol Liver extract (Lilly’s Ho 343), representing a crude 
tissue extract, was also studied Numerous experiments done with 
these matenals over a range of concentrations showed that panto 
theme aad, thiamin, P alanme, ethanolamine, and the liver extract 
gave, under the conditions used, definite stimulation, while no appre- 
aable acceleration of the respiratory rate was obtamed with any of 
the other compounds Since ethanolamme was effective only m 
relatively large concentrations, and since alanine doubtless owed 
its effect to its intimate structural relation to pan to theme acid (10), 
it was deaded that pantothenic aad, thiamin, and the liver extract 
should be more intensively investigated 

In all experiments the yeast was washed once by centrifugaUon from KHjPOi 
solution and then re suspended m fresh phosphate soluUon at a concentration of 
approximately 4 mg per ml for pipettmg into the flasks The actual concentra 
ticn was determmed by the thermocouple method (1 1) Parallel runs on 2, 4, and 
6 mg of yeast proved that over this range the respiration rate (pet milligram) did 
not vary materially with the weight of yeast present Respiration was usually 
measured over a penod of about 2 hours and growth was determmed by a second 
readmg on the thermocouple after 6 hours sbakmg m the apparatus Although at 
high concentrations certam compounds produce osmoUc effects which alter the 
thermocouple readings it was found that the small vanations in concentration 
resultmg from the differences m the three basal media and from the differences in 
concentration of the vanous compounds studied did not alter the thermocouple 
readmgs to an appreaable extent (Corrections were necessary lot the liver 
extract which is colored ) By vigorous mechanical shaking of the yeast suspen 
sions after the 6 hour growth penod in the apparatus it was shown that the cells 
were not clustered enough to significantly affect the opacity of the suspensions 

The pH of 4 8 produced by the KHjPOi buffer was chosen because 
It IS approximately the optimum for yeast (12), and a pH this low 
reduces preformed COi to a neghgible amount (13) It was also 
found that m this region a small vanation in pH does not affect the 
COs constant of the apparatus Closer to neutrality COj is much 
more soluble and a sbght vanation m pH is more senous 

Table I shows the effects of the three most carefully studied ma- 
tenals on the respiration and growth of the defiiient GJ, veast. 
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The large number of prehminary experiments that were run made it 
possible to plan the final senes of runs so that they could be com- 
pleted m a short period thereby elimmating much of the vanations 
resulting from changes in the stock yeast The data hsted within a 
honzontal column were obtained (except for vertical column F) in 
one run and fine comparisons among them are vahd In order to 
make comparisons of the data listed m vertical columns as accurate 


lABLEI ^ 

Deficient G i£)'-Yeasr (O' H ,C / ,r 



A 

B 

C 

D 

E 

F 

G 

CO 2 evoK ed — mm ^ per mg per hour at end of 1 hr 

Medium 1 — sucrose* 

23 4 

25 8 

39 6 

22 6 

23 7 

53 5 

129 0 

Medium 2 — sucrose -f- salts 

35 7 

43 0 

53 0 

38 4 

33 2 

67 0 

150 0 

Medium 3 — sucrose -f- salts -f- asparagme 

55 3 

73 0 

84 0 

60 0 

76 2 

93 0 

104 0 

Oj absorbed — mm ^ per mg 

per hour at end of 1 hr 




Medium 1 — sucrose* 

2 6 

2 2 

3 2 

2 5 

2 5 

3 0 

7 2 

Sledium 2 — sucrose -h salts 

3 9 

6 1 

6 3 

5 6 

4 4 

5 1 

14 6 

Medium 3 — sucrose + salts + asparagme 

5 5 

5 3 

8 4 

5 3 

6 3 

5 5 

11 0 


Ratjo of crop to seeding at end of 6 hrs 


Bfedium 1 — sucrose* 

1 0 

1 0 

ill 

1 0 

1 0 

3 1 

3 5 

Medium 2 — sucrose + salts 

1 0 

1 0 

1 1 

1 0 

1 05 

3 8 

5 8 

Medium 3 — sucrose -f salts + asparagme 

1 0 

1 4 

1 6 

1 0 

1 1 • 

4 2 

7 1 


* All three media were buffered with KH 2 P 04 

Vertical column A is -nith no added stimulant, B is with 01 y pantothenic 
acid, C IS nith 10 r pantothenic acid, D is with 0 1 y thiamm, E is with 0 1 y 
pantothenic acid and 0 1 y thiamm, F is with 10 mg liver extract No 343, and G 
IS with 100 mg hver extract No 343 


as possible, a factor was used to elunmate the vanation in the con- 
trols Rates of CO 2 evolution and O 2 consumption 1 hour after the 
end of the equihbration penod are given m cubic millimeters per 
hour per milhgram of yeast Curves plotted from readmgs over a 
penod of the first 3 hours showed that rate at the end of 1 hour was a 
fair basis of companson Growth is given as ratio of crop to seedmg 
at the end of 6 hours Ten gammas of pantothenic acid (calculated 
from the preparation of known punty), 0 1 gamma thiamm, and 100 
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mg liver extract were found to be the optimal concentrations In 
order to further correlate the effects certain other concentrations as 
well as combmations of stimulants were studied 

Columns B and C show the great stimulative power of pantothenic 
aad on CO2 evolution, Oj consumption, and growth It is evident 
that 10 gammas of pantothenic aad mcreased the rate of CO3 evo 
lution m medium 1 about 70 per cent at the end of 1 hour After 4 
hours the CO3 evolution was stimulated over 150 per cent although 
little growth occurred A similar effect was shown in media 2 and 
3, except that m the presence of the asparagme there was much more 
growth It will be noted that in the absence of pantothemc aad (or 
the liver extract which contains it and other yeast nutnlites) no 
growth was evidenced It is apparent therefore that the respiration 
and growth stimulative functions of the aad can be separated by the 
proper choice of media This is m hne with the findings of others 
(14-16) that respiration and growth may be quite distinct Still 
more evidence that this is so is found in column A, where it is shown 
that addmg the inorgamc salts to medium 1 or asparagme to medium 
2 greatly inaeases the respiratory rate without appreciablj affecting 
the growth rate 

Under the conditions used the effect of pantothenic aad was far 
m excess of that of any of the other nine compounds studied The 
only compounds which approached its effect arc thiaimn, ethan 
olamine (which must be added in relatively high concentrations), 
and d alarane, which is ratimately related to pantothemc aad (10) 

Very httle effect was shown by the pantothemc aad on the regular 
Fleischmann cake yeast Apparently this yeast already contains 
approximately the optimal concentration of the aad This mter 
pretation was substantiated by a senes of experiments, ni© reported 
m detail, m which it was found that when the Fleischmann yeast was 
grown m a medium defiaent m “growth substances” its respiration 
was greatly stimulated by pantothemc acid 

The optimal concentration of thiamin has a definite accelerative 
action on the respiration of the defiaent G M yeast It did not 
stimulate growth, in fact it inhibited the growth stimulative effect of 
pantothemc aad m medium 3 It also mhibitcd the respiratory 
stimulative effect of pantothemc aad m medium 2 Thiamin gave 
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about the same stimulative effects on the regular Fleischmann yeast 
as It did on the deficient G M yeast Thus its effects appear to be 
of contrasting nature to those of pantothenic acid as regards both 
growth and respiration 

In all three sections of the table the striking effect of the liver 
extract is obvious It raised the respiration rate and the growth far 
beyond the optimum obtainable with pantothenic acid and thiamin 
Its activity on the regular Fleischmann yeast was of similar nature 
and magnitude Liver extract therefore contains important respira- 
tion and growth stunulants other than pantothenic acid or thiamin 

The general agreement of results on the two yeasts becomes more 
important when it is realized that they are very different in the 
character and rate of their respiratory activity The CO2 evolution 
of the regular Fleischmann yeast was roughly three tunes and the O2 
consumption was nearly ten times that of the deficient G M yeast 


Consequently the respiratory quotient 



of the Fleischmann was 


approximately one-third that of the G M yeast 


ni 

Effects of Fennentahon by Enzyme Preparahons from Yeast 

Smce the effect of pantothenic acid on respiration is not dependent 
on its effect on growth it was thought desirable to determine if the 
acid had an effect on fermentation by non-living systems 

A maceration juice prepared according to a procedure adapted from von 
Lebedev (17) was used 1 kg of fresh Fleischmann baker’s yeast (pound cakes) 
was washed 12 hours by allowing tap water to run over it m a large evaporatmg 
dish Aft^filtering at the suction pump the yeast was broken into small pieces, 
spread out m a thm layer, and dried 48 hours at 30° Twice dunng the drying 
the yeast was screened, first through a 2 mm , then through a 1 mm screen An 
electric fan was used during the last 10 hours of drymg The product (180 gm ) 
was kept in a desiccator The maceration juice was prepared by adding 3 volumes 
H2O to the dry product and warmmg at 35° for 2 hours 3 more volumes H2O 
were then added and the cells filtered off (using ordmary filter paper) 1 cc of 
the filtrate was pipetted directly, or after dialysis, mto the Warburg flasks Solu- 
tions of sucrose, KH2PO4, and the pantothenic acid were then added in such 
volumes and concentrations that the final volume of 2 4 cc was 0 1 m in sucrose 
and 0 1 Min KH 2 PO 1 
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Although extensive expenmentation was done no definite effect of 
pantothenic aad on the undialyzed juice (except inhibition at high 
concentration) could be detected over a period of several hours 
Since pantothenic aad is known to be a small molecule and readily 
dialyzable (1) it appeared that it might be possible to dialyze out the 
pantothenic aad known to be present m the maceration juice Thus 
It might be possible to obtam an enzyme system defiaent in panto 
theme acid Consequently the maceration juice was dialyzed 
agamst runmng tap water for various lengths of time Both sausage 

TABLE n 

Net Gas Exchange — CO3 Etolved ihnns Os Absorbed 



S«c Dd 

TWrd 

1/4 hr 

1/4 hr 

1/4 hr 


Yeast maceratiott juice dialyzed 1/2 hr 


Contiol 



11 

Control + 1/10 y pantothenic aad 

Control + 1 7 * 



12 



12 

Control +10 7 ‘ “ 



13 


least maceration juice dialyzed H hr 


Control ! 

7 ^ 

1 8 1 

9 

Control + 1/ 100 7 pantothenic aad ' 

10 


9 

Control + 1/10 7 * , 

12 1 

11 

10 

Control + 1 7 * ‘ j 

9 1 

9 

8 


Figures represent pressure differences in miUinieters Brodie solution 


casing and cellophane membranes were used with results quahtatively 
the same 

The results obtained on a typical run with juice dialyzed \ and 1| 
hours are shown m Table H Results are given directly m terms of 
pressure changes (millimeters of Brodie solution) for the first three 
15 mmute penods after the end of the equihbration penod Figures 
represent net gas exchange (COz evolved mmus Oi absorbed), since 
prehmmary runs showed that the pantothenic aad stimulated chiefly 
by inaeasmg the CO output making it unnecessary to determine 
COj and Oi m separate flasks Although the data show that ter 
mentation was quite slow, dupUcates agreed well for about 1 hour 
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and a 1 mm difference is significant. The manometer constants 
were so nearly equal as to have a neghgible effect on the relative 
values for these small readings 

It IS evident from the table that pantothenic add is a potent 
stimulant for the enaymatic fermentation in the dialyzed maceration 
juice Particularly stnlong is the effect shown by only 1/100 gamma 
of pantothenic aad on the j'uice dialyzed 1| hours The action occurs 
immediately and lasts less than an hour A much larger per cent 
stimulation is shown if the first reading is taken after only 5 minutes 
instead of 15 It also seems probable that the effect codd be still 
further increased by adding the pantothemc aad from the sideann 
at the end of the 10 minute equilibration penod. 

Fermentation is Imown to be a very complex process requiring many 
^‘factors/’ some of which are dialyzable Consequently it seems 
probable that the enzyme system is defident in other essential factors 
besides pantothenic add Evidence supporting this dewpoint was 
obtained by adding MgS04, MnSO^, fNH<)«S 04 , and acetaldehyde 
in concentrations calculated from those used by Warburg in some of 
his work on similar systems (18) The effective concentration of 
these compounds was an entirely higher order of magnitude than the 
concentration of pantothenic aad. The addition of these compounds 
increased the rate of fermentation 10-20 per cent and the further 
increase in rate by adding pantothenic aad to this modified control 
was essentially the same as on the untreated control 

Corroboration of these results was obtained m numerous experi- 
ments on the effects of pantothenic aad on zj-min (the “acetone 
yeast” of Harden (19) ) As was to be expected from the work of 
others (20-22) it was found that various orgam'c and inorganic 
compounds stimulated the fermentation by Z 5 nmin. The large 
effects of these compounds, together with the fact that relatively 
large concentrations of the pantothenic aad were required to give 
the maximum rate of fermentation, made it difficult to establish the 
effect of pantothenic aad itself However, it was proved that the 
free aad (as wxll as the calaum salt) markedly supplemented the 
effects of the other compounds and made it possible to obtain a 
higher maximum rate of fermentation than was obtainable without 
the addition of pantothemc aad 
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IV 

Effects on tin: Respiration of Potato and Apple Tissue 
Since the importance of pantothenic aad to the respiration of 
yeasts and enzyme preparations from yeast seemed well estabhshed, 
the next step was to determine if the aad had an mfluence on the 
respiration of higher plants 

The procedure used m this part of the mvestigation was adapted 
from that used by Lemmon in his careful study of the effects of pH 
on the respiration of potato tissue (23) Nme cylmders of tissue 
(three from each of three potatoes or apples) approximately 4 by 
10 mm were cut as rapidly as possible and placed in each Warburg 

TABIX in 



SecDu} 
1/4 hr 


Thud 
1/4 hr 


rm 

1/4 hr 


Figures represent pressure differences in millimeters Brodie soluUon 


flask m 2 cc of 0 1 m phosphate buffer at pH of 5 3 The pantothenic 
aad was added m 0 4 cc HsO The potatoes and apples were kept 
at 30° overmght before use Dupheates were always run and the 
results averaged The dupheates usually agreed to within less than 
5 per cent dunng the first hour 

In Table HI are given a typical set of results for apple tissue and a 
similar set for potato tissue The numerous prehmmary experiments 
showed that pan to theme aad did not appreaably affect the respiratory 
/COA ^ 

quotient \ ^ ) Therefore the work was expedited by determming 
the Oi consumption only As in the previous sechon the figures 
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represent millimeters pressure change for the three IS minute periods 
unmediately following the end of the equilibration period The 
larger per cent stimulation by the pantothenic acid on the apple tissue 
may be due to the fact that the work on potato tissue was done first 
and the acid was added before the flasks were put on the manometers, 
while in the work on apple tissue the pantothenic acid was added 
from the sidearm of the flasks at the end of the 10 minute equilibration 
period 

The table shows that, as in the case of the enzyme preparations, 
the pantothenic acid has a strong stimulative action which begins 
immediately and lasts less than an hour It is, therefore, evident 
that pantothenic acid is a potent stimulant for the respiration of 
these tissues It is noteworthy that these tissues were not made 
‘'deficient” as was done with the hvmg yeast and also with the enzyme 
preparations 

Considerable work has been done to determine if pantothenic aad 
has a stimulative effect on the respiration of sliced rabbit muscle and 
homogenized (and dialyzed) rabbit brain Positive results have been 
indicated, but there are large expenmental variations It may be 
that larger effects were not obtained because pantothenic acid is 
tied up in the tissues (24) If pantothenic acid is present in optimal 
amounts it would be difficult to obtain a deficient tissue on which its 
effect could be demonstrated It is planned to continue the investiga- 
tion in this direction 

^ SUMMARY 

Experiments using the Warburg-Barcroft apparatus led to the 
following results and conclusions (1) Two yeasts in three different 
media were stnkingly stimulated in their respiration by minute 
amounts of pantothenic aad (2) Nine other compounds (vitamins 
and other biologically important substances) were tested and found 
in all cases to have on the deficient G M yeast, lesser and m some 
cases no appreciable stimulative effect Thiamm was the most 
effective of these compounds Its action was shown to be different 
and m some ways antagonistic to that of pantothenic acid (3) 
Liver extract (Lilly’s Number 343) contams substances capable of 
speedmg up respiration (and growth) to a much higher level than 
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seems possible -with known compounds (4) Pantothenic aad was 
found to have a definite stimulative effect on fermentation by dialyzed 
maceration juice from yeast (5) It likewise stimulated respiration 
of apple and potato tissue and indications of a sunilar effect on certain 
animal tissues were obtamed 
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ELECTRIC IMPEDANCE OE THE SQUID GIANT AXON 
DURING ACTIVITY* 
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(From ihc Dcparlmcnt of Physiology^ Cottege of Physicians and Surgeons, Columbia 
University New York, and the Marine Biological Laboralory, Woods Note) 

(Accepted for publication, January 11, 1939) 

The penneabthtv of a membrane to a penetratmg substance is 
given quantitatively by the amount of the substance which crosses 
a unit area of the membrane in unit time under the action of a unit 
force In simple cases of ionized substances both the amount of 
substance and the force acting may be expressed in electneal terms 
Then the permeability may be ultimately converted mto coulombs 
per second for a square centimeter and a potential difference of 1 
volt, which IS the conductance, in reaprocal ohms, for a square 
centimeter Marine eggs have been measured before and alter fer- 
tilization and a number of tissues have been measured during ac 
tivity, but the attempts to interpret the observed conductance changes 
have not been particularly satisfactory Smee it is quite generally 
believed that the depolarization of a nerve fiber membrane, durmg 
exatation and propagation, involves an mcreased permeability to 
ions there have been many attempts to detect and to measure this 
change as an increase in the electneal conductmtv A decrease in 
the longitudinal low frequency impedance of frog sciatic nerve dunng 
activity was found by Lulhes (1930) (also Cole and Curtis, 1936), 
and a similar change was found in the transverse impedance of the 
squid giant fiber (Curtis and Cole, 1938) In these cases the measur- 
ing current was also the stimulatmg current and it was not possible 
to analyze the changes satisfactonly In Nilella, BhnLs (1936) 
showed with direct cunent transients that on excitation the mem 
brane impedance decreased under the cathode, but it was not pos 
sible to separate the change into resistance and capacity components 

* Aided by a grant from The Rockefeller Foundation 
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Recently the transverse alternating current impedance of IVtie/la 
has been measured dunng the passage of an impulse which ongmated 
several centimeters away (Cole and Curtis, 1938 5) These meas- 
urements showed that the membrane capacity decreased 15 per cent 
or less while the membrane conductance increased to about 200 tunes 
its restmg value Also this conductance increase and the membrane 
electromotive force decrease occurred at nearly the same time, which 
was late m the nsmg phase of the monophasic action potential 
Similar measurements have now been made on Young’s giant nerve 
fiber preparation from the squid (Young, 1936) These were under- 
taken first, to detenmne whether or not a functional nerve propa- 
gates an impulse m a manner similar to Nttella, and second, because 
the microscopic structure of the squid axon corresponds considerably 
better than that of Nttella to the postulates upon which the measure- 
ments are mterpreted 

The squid axon has about the same membrane capacity (Curtis 
and Cole, 1938) as other nerve fibers (Cole and Curtis, 1936) and 
Nttella (Curtis and Cole, 1937) The large diameter of the axon, 
0 5 mm or more, makes it particularly favorable matenal since, for 
a given membrane conductance change, the magnitude of the ob- 
served transverse impedance change is proportional to the fiber 
diameter It is also relatively easy to obtain considerable lengths of 
the axon which can be kept functional for hours 

The experimental procedure and the technique of analysis are 
fundamentally the same as those used for Nttella dunng activity, 
although vanations have been necessary or possible because of the 
relatively short time intervals mvolved We will present and dis- 
cuss here only observations made dunng the passage of an impulse 
which has been mitiated at a distant pomt 

Material and Dissection 

The Atlantic squid, Lohgo pealtt, was used at Woods Hole for these experiments 
From early May until late June excellent animals were available, but later they 
were smaller, not so numerous, and did not live long in the aquarium The 
measuring cell was designed for an axon diameter between 530;i and 580^ and 
this was usually to be found in squid havmg a mantle length between 10} and 11} 
mches Slender animals were preferred because the axons were of nearly uniform 
diameter over their usable length 
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It seemed fairly certain that body fluids had an injurious effect, so the mantle 
was removed from the rest of the animal under running sea water It was slit 
along the ventral mid line, and laid out flat The preganghonic stellate and fin 
nerves were then cut on each side and the mantle freed from the rest of the 
body The mantle was placed on a large glass absorption cell cooled by arculat 
mg water and lUuxomated from underneath, and the hindmost stellar nerve dis 
sected out The nerve was freed at the stellate ganghon, ligated with sdk thread, 
and then separated from the fin nerve and the mantle up to the point where it 
entered the muscle It was again hgaled and cut free The small fibers were 
then teased away from the giant axon m sea water m a Petn dish The two silk 
threads were held agamst the bottom by clips on opposite sides of the dish after 
the nerve had been stretched until the giant axon was nearly straight Under a 
bmocular dissectmg microscope, the small fibers were all cut near one end with a 
sharp pomied double edged scalpel and then pulled shghtly to one side and cut 
free where they looped around the giant axon The axon has a number of small 
branches which must be cut at a short distance from it These can often be 
pulled free without immediately kilhng the nerve, but degeneration will usually 
progress slowly from that point The fibers which remained m good condition 
for considerable time were usually very turgid after dissection A 3 cm length 
of axon was necessary but it was usually possible to get 6 or 8 cm m good condition 

After the axon was placed m the measuring cell the sea water circulation was 
started, and preliminary measurements made If the impedance, the threshold 
for exatation and the impedance change on exatation became constant withm an 
hour measurements were started If not the fiber was discarded because expen 
ence showed that the impedance and impedance change would decrease and the 
threshold for excitation would increase more or less steadily until after 4 to 6 hours 
the fiber faffed Under favorable conditions, the axons would have quite constant 
electncal characteristics for 6 to 8 hours and one remained excitable for 36 hours 

Some experiments were made at room temperature but the majority were 
between 2 C and 4*C where the conduction velocity was less a higher bndge 
input and consequent greater sensitivity could be used, and the axon survival \vas 
better When monophasic action potentials were desired, one end of the axon 
was dipped m iso*osmotic K.CI for a few minutes 

Measuring Cell 

The measuring cell shown in Fig 1, is very similar to that used for Nttella 
The axon was placed m the trough SiOji wide and 560m deep, cut m the top of a 
sheet of Viciron The entire cell was mounted on a metal box which was mam 
tamed at constant temperature by arculatmg water After the axon was in 
place, the cell was covered with a thm microscope cover glass and sea water circu 
lation was started through the cell by a siphon This mamtamed a slight negative 
pressure m the trough and so held the cover glass m place The cell assembly 
was mounted on the bndge panel in an insulating shield to lessen temperature 
changes 
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The Stimulating electrodes, a, impedance electrodes, b, h', and potential elec- 
trodes, c, c', -were all platmized platinum The impedance electrodes should be 
wide to mmimize electrode polanaation corrections at low frequenaes and the 
effect of the “fnnging” of the current at the electrode edges, but narrow to mclude 
as short a length of the axon as possible The electrode width of 570ja was a fairly 
satisfactorj' compromise The polarization was considerable below 1 kc ^ but 
the duration of the impedance change was short enough to make the mterpretation 
of lower frequency measurements difficult, and the time of transit of a given pomt 
of the impulse past the electrode region was about 0 1 millisecond which was too 
short for the bndge amplifier to follow faithfully The electrode wells used for 
the restmg squid axon (Curtis and Cole, 1938) were not tried because of the loss 
m sensitivity and difficult}' of construction mvolved 

The potential electrodes, c, c, c', c', were all 140ju wide The “monophasic” 
potentials, V, n ere measured between the grounded impedance electrode, b, and 
the farther c' electrode on an mactive portion of the axon (see Fig 9 a) 



Fig 1 Measurmg cell for squid giant axon The central trough is for the 
axon and the connections for circulatmg sea water are at each end The axon is 
stimulated with electrodes, a, the transverse impedance measured between elec- 
trodes, 6, b', and the action potentials between various combmations of b, c, and c' 


On the basis of simple cable theory which has been discussed {Nttella-),the 
monophasic action potential is proportional to the potential difference across the 
membrane and its slope or first denvative is proportional to the current flow 
parallel to the fiber axis The density of current flow across the membrane is 
then given by the second denvaUve For Nitella, the first and second denvatives 
were usually calculated from the monophasic achon potential, but this was not a 
particularly satisfactory procedure The disadvantages were even greater with 
the squid axon The oscillograph time scale was not hnear and completely 
monophasic action potentials were seldom obtamed, so the extra potential elec- 
trodes were added to record the approximate denvatives directly As is shown 
on p 663, the potential difference between electrodes c, c (see Fig 9 b) is approxi- 


1 Kiloc}'cles per second 

- Cole, K S , and Curtis, H J , 1938-39, J Gen Physiol , 22, 58 
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matdy the first derivative,® Vi, of the potential at the impedance electrodes 
Also the potential difference between the mid pomt of a high resistance across the 
electrodes c, c and the ground electrode b (see Fig 9 c) gives the approximate sec 
ond derivative,® Vu at the same point 

Conduction velocities were measured by the separation betv, een the V i potential 
at electrodes c c and that at c', d when these were recorded on the same film If 
there was an mactive end under one c' electrode, the V potentials between this 
electrode and each of the c electrodes, were used to determine the conduction 
\elocity 

Electrical Apparatus 

The clhpse and motion picture tedmique, as used for the Niitlla experiments, 
gave complete information on each excitation and would have been ideal for these 
experiments if the short duration of the action had not made it completely im 
practical The next best system considered was the *'L\c}tibandmelhode of H6 
zawa (1935), using the Schermg bridge m which either the reactance or resistance 
component of an impedance change can be recorded independently of the other 
component The objections to its use were primarily practical ones for, after it 
was recognized that the Wheatstone bridge could be used, it was obviously m 
advisable to attempt to design, construct, and learn to operate a new bridge for 
the mvestigation of a phenomenon that was not known to exist The altematmg 
current 'Wheatstone bridge which was used and the method of making steady 
state impedance measurements with U have been described (Cole and Curtis, 
1937) A schematic diagram of the equipment is shown in Fig 2 

The strength of the bridge current was kept as low as possible because it was 
found that even xelativdy small currenls can cause local changes in the portion 
of the axon between the impedance electrodes By maintaining SO to 100 mv 
across the impedance electrodes for a number of minutes, the impedance change 
on cxatation was dimmished and only a partial recovery was possible But if the 
axon was then moved along the trough so that a different section was between the 
electrodes the impedance change was as large as ever Durmg a run the voltage 
across the axon was not allowed to exceed 20 mv and this was maintained for as 
short a time as possible 

As a result of the low input voltage requuement, an adequate sensitivity could 
be obtained only by the use of considerable detector amplification An ordmary 
audio frequency bridge output amplifier was satisfactory for NUtlla which has a 
transverse characteristic frequency* of 1 'kc but this did not go to high enough 
frequenaes for the squid axon where the characteristic frequency is about 30 kc 
The amplifier was first replaced by a conventional radio superheterodyne mixer, 
to convert thebndge output to 175 kc , and a transformer coupled amplifier tuned 
to this frequency This arrangement introduced very serious distortion when the 

*7, -=■ Vi, - b'V/OP 

* The frequency at which the senes reactance is a maxunum (Cole 1932) 
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amplifier was sharply tuned so that a bridge frequency as low as 20 kc could be 
used A balanced modulator was then substituted for the simple mixer and the 
amplifier tuning broadened as much as possible A bridge frequency of 2 kc could 
then be used and the distortion was greatly decreased 

A differential resistance-capacity coupled amphfier with degeneration m the 
common mode was used for the action potentials The output of either this 
amplifier or the 175 kc bndge amphfier could be switched to the vertical deflecting 
plates of the cathode ray oscillograph through a smgle stage untuned power 
amphfier 

The conversion of all bndge output frequencies to 175 kc before they were 
impressed on the oscillograph as well as the short time intervals involved precluded 



Fig 2 Schematic diagram of the electrical equipment The axon is at the 
left, and the balancing resistance and capacity at the right, of the bridge The 
action potential and bridge amphfifers are represented by V-amphfier and Z-ampli- 
fier respectively and the cathode ray oscillograph by C R 

the use of the Nitella motion picture and ellipse technique, but the use of a hon- 
zontal sweep circuit was convenient since the axon could be stimulated between 
one and ten times per second as was usually done The stunulus was a short shock 
which was taken from the sweep circuit m such a manner that it was applied at 
the start of the sweep, and a shielded transformer was used in the stimulus circuit 
to reduce the shock artifact 

Procedure 

Experimental —After the axon was placed in the measunng cell and had become 
steady, the resting parallel resistance and capacity were measured at 9 frequencies 
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Fig 3 BridgeoutputdurmgthepassageofanjmpuUewithtbebndgebalanced 

for the impedance of the axon first at rest and then at various tiroes during' the 
action Frequency 50 kc maximum change, 7 per cent 


from 2 kc to 1000 kc At one frequenc> the bridge 
would then be balanced NMth the oscillograph which 
gave a narrow honrontal trace each sweep when the 
stimulus was below threshold After the Ihre hold 
w as reached the bridge went off balance when the 
action came between the impedance electrode and 
the osallograph line broadened into a band Then 
as the axon recovered the bridge returned to balance 
and the band narrow ed dow n to the resting line again 
as sho\vn m Fig 4 The ^vldth of the band at an\ 
point IS proportional to the magnitude of the change 
of impedance but does not giv e any information as 
to the relative values of the resistance and capacity 
components of this change The resistance and 
capacity of the known arm of the bndge w ere then 
altered so that although the bndge is no longer 
balanced at rest it would be balanced at some par 
ticular point dunng the acUvtt> as shown in Fig 3 




Fxg 4 Double exposure 
of the 2 per cent maximum 
bridge unbalance at 20 kc 
and the monophasic action 
potential at one of the im 
pedance electrodes The 
time marks at the bottom 
are I milli'^econd apart 

In this waj the resistance 


and capacitv were measured dunng the action at a senes of ten or fifteen points 
along a scale on the face of the oscillograph which was calibrated in milliseconds 
The relation between the impedance change and the action potential was re 
corded photographically as shown m Fig 4 (Cole and Curtis 1938 o) The im 
pedance change was first exposed for about ten sweeps the oscillograph was then 
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switched from the bridge amplifier to action potential amplifier, the bridge 
oscillator turned off, and without change of the sweep circuit or stimulus, a second 
evposure of two or three sweeps of the action potential was made a second later 
on the same film The resistance and capacity were also measured both at rest 
and at the time of the maximum impedance change 

These measurements during activity were made at frequencies of 5, 10, 20, 50, 
100 kc and sometimes 200 and 500 kc Finally, another complete frequency run 
was taken on the axon at rest to show' what changes had taken place during the 
experiment, and if these were too large the experiment was discarded The con- 
duction velocity and the amplification of the action potential amplifier were 
measured and a time record was made to calibrate the sweep circuit 

When the axon was removed from the cell at the end of the experiment it was 
carefullj' examined and the diameter measured at the point w’hich was between 
the impedance electrodes The cell was filled with sea w'ater and resistance and 
capacit}' data were taken at low frequencies, to determine the electrode polariza- 
tion, and at high frequencies, to measure the static capacit\ of the cell 

Analyhcal — The data on parallel resistance and capacity, Rp and 
Cp, were corrected for the electrode polarization and static capacity 
of the cell (Cole and Curtis, 1937) and the series resistance and re- 
actance, Rs and A"”,, were calculated b} 

R, == Rp/(i + RlC-pio-) X, = RlCpw/d -f R^Clw-) 

The frequency impedance locus, which is the path followed when A'", 
IS plotted against Rs, as the frequency of the measuring current is 
x'aried (Cole, 1928, 1932), was plotted for the resting fiber (Fig 5) 
The properties of the resting axon have been calculated from the 
extensions of the Rayleigh equation which have been used for single 
cylmdncal cells (Curtis and Cole, 1937, 1938, Cole and Curtis, 1938 b) 
The average membrane capacity at 1 kc is 1 80 Mf /cm - with an 
average phase angle of 71° The average internal specific resistance 
IS 71 ohms cm or about 2 9 times that of sea w'ater 

At each frequency, the value of Rs and A", during activity may be 
plotted in the same manner and trace a path which is called the time 
impedance locus The points of maximum change at five frequencies 
are shown in Fig 5 and all of the 10 kc points taken at different times 
during the action of another axon are shoxvn on a larger scale in Fig 6 
If the only change during activity were a decrease of membrane re- 
sistance, then the time impedance locus at each frequency would be 
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Fig 5 Impedance Ioct of series resistance, R vs senes reactance, A m ohms 
The solid ordes which he on the sohd frequency locus arc obtained from resting 
nerve at the indicated frequencies, and the open circles are the points of maaimum 
change which he on the heavy broken line representing the frequency locus The 
light broken lines fotming circular arcs arc the theoretical time loci for a pure 
membrane resistance decrease at each of five frequencies 



Fig 6 Tune impedance locus of senes resistance, R , vs senes reactance, A , 
at 10 kc during the passage of an impulse The soUd circles were taken during 
the impedance decrease on exotation and the open ardes during the increase on 
recovery The broken line represents part of a circular arc which is the theoretical 
locus for a pure membrane resistance change and the sohd hnc is a portion of the 
resting frequency locus 
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an arc of a circle passing through the resting point and tangent to the 
resistance axis at the infinite frequency extrapolation as shown in 
equation (8) and Fig 11 of the NtteJla paper ® This is true as a 
rough approximation and the m in imum membrane resistances have 
been calculated by Nitella equation (6) These rmmrrmTn values 
range from 14 7 to 53 5 ohm cm = with an average of 28 ohm cm “ 
This mmimum value is mdependent of frequency and it is further 
found that the time vanation of the membrane resistance durmg 
the passage of the impulse is approximately the same for all fre- 
quencies 

The departures from these arcs are then due to a decrease of the 
membrane capacity during activit}’', which can be calculated by 
Ntlella equation (9) The capaaty decrease m Fig 5 depends upon 
the frequency and reaches a maximum of nearl}’- 10 per cent at 50 he 
At the other extreme is the neghgible capaat)’’ change which was 
found from the data m Fig 6 The average capacity decrease for 
all experiments is about 2 per cent It is usually found, as can be 
seen in Fig 3 that the bndge balance is not the same on the nsmg 
and falhng portions of the impedance change and this means that the 
tune locus does not retrace its imtial path dunngrecovery Because 
of this the calculated capaaty decrease lags shghtly behmd the re- 
sistance decrease dunng the passage of the impulse On the other 
hand the impedance change records made at different frequenaes 
are practically identical This means that the apparent capacity 
change either depends upon frequency or is an artifact introduced by 
the bndge and its amplifier The latter possibihty will be considered 
later (p 661) 

It IS convement to work with the oscillograph records of the im- 
pedance change as far as possible Smee bndge balance measure- 

® In the NticUa paper, the sentence which includes equation (S) is incorrect 
and should read as follows, “By eliminating u we find 

r^ + x- - 2r^r ~ [(r - -f- x']xji + r’ = 0 

which IS the equation of a circle having its center at the pomt, 

[{f - rj^ + 


and the radius, 


[(f - rj» + x?y2i ” 
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ments during the impulse indicate that the change of membrane 
capaaty is small, equation (4) shows that the width of the impedance 
band on the oscillograph should be approximately proportional to 
the change of membrane conductance It has been found expen 
mentally that both the “balance” and “unbalance” data give nearly 
the same time course for the membrane conductance The average 
time of nse to maximum conductance is between 250 and 300 jusec , 
but this value cannot be accepted until its accuracy has been es 
tabhshed (see below) 

Dtsloritom and CorrccHons 

The ideal measuring equipment would record accurately the properties of an 
infinitesimal length of axon, regardless of adjacent portions and independent of 
what happened the mstant before But m these experiments the impedance and 
the action potential have been measured over at least a half millimeter length of 
axon, while the responses of the bridge and the amplifiers may be expected to lag 
behmd the phenomena 

Lmes of current flow resultmg from the action potential which would otherwise 
be confined to the sea water in the trough will enter and leave the impedance 
electrodes as the action passes them This may alter the speed of propagation 
(Hodgkin, 1939) and modify other characteristics of the impulse m this region 
but no attempt has been made to estimate the magnitude of these effects 

Impedance — ^The effects of electrode length and cunent spread on the imped 
ance measurements are the same as for the Nttella cell If a perfectly sharp change 
of membrane conduetance moved between tbe impedance electrodes the observed 
change of impedance would be spread over the entire effective electrode length, 
including the region of current spread beyond the ends of the electrodes As for 
the Ntiella cell this effect has been investigated by measuring the resistance as a 
cyhndncal glass rod was moved along the trough with its end passmg through the 
electrode region The square cut end of the rod was then equivalent to the sharp 
transition from a non conducting to a conducting fiber which corresponded to a 
sudden drop of membrane resistance 

The results of Fig 7 show that although the actual electrode length was 570^ 
and 90 per cent of the change was confined to lOOOji the entire electrode region 
^vas over 1600;i long If the rod moved at 12 meters per second the 90 per cent 
change would require 83mscc and the whole over ISOpsec This is a considerable 
portion of the tune of nse of the impedance change as observed on axons having 
this veloaty and so must be considered 

For a steady state, the deflection of the oscillograph was proportional to the 
difference between the impedances of the known and unknown arms of the bndge 
but the response to a rapid change of impedance must also be determined After 
the bndge has been thrown off balance, the currents m the bndge oscillator, and 
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detector circuits will change only as fast as the inductances, capacities, and 
resistances will permit, and the voltage appeanng across the detector will be 
distorted Rough calculations indicate that under ideal conditions this effect 
would have a time constant of no more than a few micro-seconds And when 
bndge output voltage is applied to the modulator and amplifier further distortion 
may be expected for, so far as changes of amplitude are concerned, this system is 
equivalent to an audio frequency amplifier The combined charactenstics of the 
bndge, modulator, and amplifier have been determined by recording the response 
to a sudden unbalance of the bndge The bndge was balanced with a high resist- 



Fig 7 Conductance of the measurmg cell, with a glass rod in place of the 
squid axon The rod is introduced between the electrodes and is moved to the 
right so its left end goes through the electrode region The electrode boundanes 
are given by the broken lines and the abscissae are distances in milhmeters be- 
tween the left end of the rod and the center of the electrodes 

ance shunt on the known arm of the bndge One circuit on a Lucas spnng rheo- 
tome then started the oscillograph sweep and a millisecond later a second circuit 
removed the shunt and so threw the bndge off balance The record shown in 
Fig 8 o has a complicated form, which has not been satisfactorily explained, but 
it maybe roughly approximated by an exponential having a time constant of 100 (i 

sec 

It would be difficult to obtam directly the oscillograph response to a sudden 
change of membrane conductance moving past the impedance electrodes with a 
velocity of 12 meters per second, but it has been calculated by combining the data 
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of Figs 7 and 8 a in Duhamel s mtegral or the principle of superposition ® ^ ith 
the response of the oscillograph to a known cause, it is theoretically possible to 
determine the cause of any other effect but the practical difficulties are consider 
able and several methods for the correction of the experimental curves have been 
tried and found unsatisfactor\ For example the desired curve ma> be approxi 
mated b> an exponential with a time constant of 0 l2o millisecond and the data 
corrected b\ the subtangent method {cf Lucas 1912 Rushton 1937) as has 
been done m Fig 10 In general these corrections have shortened the apparent 
time of rise of the membrane conductance to 100 ^isec ct 
less but have usuaU> increased Us maximum value b> 
onl> about 10 per cent 

It should also be pointed out that the data obtained 
by balancing the bridge at different points of the imped 
ance change are subject to the same distortions b> 
the bridge modulator and amplifier It is to be ex 
pected that there will be a phase alteration introduced 
during and for a short time after a rapid impedance 
change and this would require fake capacity and 
resistance changes for the apparent balance pomt 
The magnitude of this effect has not been investigated 
in detail and it is difficult to estimate how much of the 
apparent change of membrane capacit> mav be due to it 

Action PoiatUals — A stnctlv monopbasic action 
potential was never obtained probably due lo some 
remaining activntv of the distant end or a lack of uni 
formitv of the axon in the region between the two elec 
trodes For this reason and because it is preferable to 
make as raanv of the measurements m the immediate 
neighborhood of the impedance electrodes as possible the integral of the first denv 
ative curve is more satisfactory The first derivative curve is an approximation 
as IS discussed on p 664 The two portions of the rising phase of the monophasic 
action potential have an average time constant of about 110 usee corresponding 
to a length of about 1 3 ram This is very close to 1 25 mm the half separation 
of the Vt electrodes Thus we find by equation (9) that the recorded 1 t curve 
should be more than 60 per cent wider at the half maximum than the actual 1 , 
If w e now differentiate this curv e to obtain F« wecomputebv equation (10) that 
the two maxima would be separated by 2 5 ram or210usec if the rising portion 
IS a double exponential whereas without distortion the reversal for this curve 


® Webster A G 1927 Partial differential equations of mathematical phj sics 
Leipsic Teubner p 172 

’’Bush V 1929 Operational arcuit anaU’sis NewTork John Wley and Sons 

p 68 



Fig 8 (a) Re 
sponse of the 
bridge and the 
bridge ampbfier 
to a sudden un 
balance at 20 kc 
(6) Response of 
the action poten 
tial amplifier to a 
suddenlv applied 
potential 
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should take place instantaneously On the other hand, using the three electrode 
connection, the reversal time would be 175 /jsec and values of from 180 to 200g 
sec have been found A simple method has not been found for applying correc- 
tions for the electrode separations, and no attempt has been made to construct 
an}^ complete curves 

After the potential is on the electrodes, there is still the action potential ampli- 
fier distortion to consider This also was determined with the spring rheotome 
vhich applied a knovn potential to input of the amplifier The response curve 
shown in Fig 8 b, is approximately an exponential with a time constant of 80 fisec 
The monophasic action potential record of Fig 10 has been corrected for this time 
constant b.v the subtangent method 


T Iteory 

Membrane Conduclanee — The output voltage of the bridge and the 
oscillograph deflection are proportional to 


Y 


= 2 


z — s 
z H- z 


( 1 ) 


where z is the impedance at balance and z is the impedance off bal- 
ance When the resting impedance is z and the membrane conduct- 
ance changes by an amount X without change of membrane capacity, 
the impedance becomes by Nttella equation (7), 

a<T\r„+z 

“ = — ; - 12 ) 
Q(t\ -r 1 


where a is the fiber radius, (r is a complex constant involving z, and 
IS the infinite frequency resistance We then have, approximately. 


1 


(3) 


where 


a<r(z — O 



so if jSX IS small the oscillograph deflection is proportional to the 
change of membrane conductance In practice, the maximum change 
of conductance Xo was determined from bridge balance measurements 
at rest and maximum change If the oscillograph deflection at the 
maximum is Fo then 


2<3Ao 
1 + Pbo’ 


Yo = 
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and when X is calculated by 

X ** 3 Xd/3 0 

the fractional error in this procedure is given bv 
I Xo /1 0 — X ^ 3 0 ^ 

X “ 2~ ^ 

The average value of To was about 8 per cent at low frequencies, so 
that the maximum error in the membrane conductance change was 
about 4 per cent for the smallest changes and became less nearer 
the maximum 

iclion Potential Den alius— -M. a particular instant let the action 
potential at each point, x along the axon be l^(x) The potential at 
a ncighbonng point, t 4* 5 is then given b) Tailor’s expansion, 

V(i+ «)= rW+»I(l)+jJW+J,r(n:> + 

where V, F, etc arc the first, second etc total derivatives with rc 
spect to the independent variable, x in this case The difference 
m potential I''! between two electrodes at a distance on either side 
of the point x (sec Fig 9 b) is 

25' 

r. ” r(x + {) - v(.r - i! - ii\ W + ^ ' W + (St 

and if 0 , V, and successive denvatives arc sufficiently small, 

Yi - nvh) ( 6 ) 

Thus the extreme case of a diphasic potential w'lth electrodes close 
together is proportional to the first derivative, V, with respect to 
moving coordinates and also with respect to time at a fixed point, 
V, if the vclocitj is constant 

Similarl} when the circuit of Fig 9 c is used, the potential at the 
midpoint of the resistor connected between points x + 6, and x — 

6 IS 

«> + i) + Mx - ill 

and the potential difference between this point and the center point 

X IS 

I. - !IHt 4-»> + I (i- ill - l(x) + r(^) + 


(7) 
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Mhich IS proportional to T’ (i) if 6 T', and siiccessne denA'atnes are 
small or 


5= 

T': = -r(x) 

9! 


(S) 


The question ot hoM small 6 must be depends of course upon F(i) 
and Me shall consider the errors Minch mav be introduced in the nsin<T 
phase For purposes of calculation tins part of T'(0 Mill be assumed 
to be made up ot tMO identical exponentials symmetncallv placed 



Fig 9 Double exposures of the impedance change at 10 kc on each with the 
action potential in each picture from the circuit sho^\n belo^\ it (n) is T , the 
monophasic potential, {b) is 14 the first dernatue or a\ial current, and (c) is T ,t 
the second deriaatne or membrane current The time marks at the bottom are 
1 millisecond apart 


M'lth respect to tlie hall maximum point M'hich wtll be taken as the 
origin Then on the upper halt 


T (r) = 1 - 

and on the Iom er 

n-i) = -(1 


Mhere X IS the cliaractenstic lengtli \^'hen \ > S 
^ 5) _ r(r - ^ 

and It 1 IS the point ot halt maxmium ot this potential 

^'A = \ -u 1 


(9) 
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0 

If 5/\ IS small the wxdth of the true V at half maxunum is increased 
by S, and when J = X the nidth is 62 per cent too large Obtaining 
K by direct differentiation of this approximate F vie find that the 
maximum occurs at a: = — 8 and the mmimuin at » = 5 so that the 
peaks are separated by 2 8 whereas there should be a discontmuitv 
with resersal of sign at a: = 0 A sunflar error is found m the value 
of V measured directlj from the three electrodes, the mmimum being 
at the value of ar < 8 given by 

4/X “ x/X + log cosh x/X (10) 

When 6A small the separation of the peaks is 2 5 but when 8 = 
X the separation is 1 49 8 

DISCUSSION AND CONCLUSIONS 

The values for the capaaty and phase angle of the membrane and 
the internal resistance of the restmg axon given above are somewhat 
different from those which were found before (Curtis and Cole, 1938), 
but this IS not particularly surprising Although the material in the 
present work was m considerably better condition, the electrodes 
were short and the data were calculated on the assumption that end 
effects were neghgible, and it was found for muscle that the measured 
phase angle was less for short electrodes than for long (Cole and 
Curtis, 1936) It has been assumed m calculations on transverse 
impedance measurements that the restmg axon membrane is non 
conducUng The value of 1000 ohm cm’ obtamed by Cole and 
Hodgkm (1939), more than justifies that assumption There are 
considerable differences between the values of the internal specific 
resistances which have been measured but we are not m a position to 
explam them 

Turnmg now to the impedance change dunng activity, it is fiist 
necessary to show that this is a real effect and not an artifact result 
mg from the stimulus or the action potential The stimulus may be 
ehmmated because the effect is entirely aU-ornone The bndge 
balance remams unchanged until the stuniilus reaches threshold, and 
then the unbalance picture remains unaltered as the stimulus is further 
mcreased except that it moves forward with the acPon potential 
because the pomt of stimulation moves closer to the impedluice elec 
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trades Any possible effect due directly to the action potential is 
elmiinated for several reasons The only action potential which 
would be effective is that appeanng across the impedance electrodes, 
which should be zero in a perfect axon In practice this potential 
was always present, although it was small and did not come through 
the bridge amplifier However, it was never the same in any two 
axons and yet the impedance change always had the same form 
Most conclusive, however, is the fact that the amplitude of the un- 
balance picture was directly proportional to the bridge input voltage 
from the oscillator while the action potential was unaffected 
In spite of the shortcomings of the apparatus and the difficulty of 
correcting for them, the general nature and magnitude of the im- 
pedance change seems quite certain The decrease of the extrapo- 
lated zero frequency resistance (Fig 5) might be due to a change of 
either the volume of the axon or the resistance of the external medium, 
but these factors should alter the extrapolated infinite frequency 
resistance which is unchanged The phase angle of the membrane 
is unchanged and the membrane capacity does not change alone be- 
cause this would merely move each point along the resting curve 
Consequently we must assume that there is a change of the membrane 
resistance which falls from a resting value of 1000 ohm cm ^ to a 
minimum value which is probably 10 per cent and perhaps 20 per 
cent below the average uncorrected value of 28 ohm cm ^ The 2 
per cent decrease of membrane capacity is of quite a different order 
of magnitude, but even this value should not be taken too seriously 
because there are indications that the actual change may be some- 
what less 

We may reason, as we did for Ntiella, that the conductance is a 
measure of the ion permeable aspect of the membrane and we see 
that the maximum conductance is far from a complete permeability 
And indeed the capacity, which represents the ion impermeable por- 
tion of the membrane, has not been encroached upon by more than 
2 per cent Thus if the change on excitation is uniform throughout 
the structure of the membrane it must be so delicate as to leave the 
capacity and phase angle nearly unchanged and conversely if there 
are drastic changes they must be confined to a small fraction of the 
membrane area. The tune constant of the restmg membrane is of 
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the order of 1 millisecond which is equivalent (iVi/dIa)® to a thousand 
ions per second crossing the membrane for each ion pair separated 
by the membrane, and the time constant of 0 03 millisecond at the 
maximum then gives a permeability of some thirt) thousand ions per 
ion pair 



0 12 2 4 miic 


Fio 10 Membrane conductance increase (heav> hne) after approximate 
corrections for electrode length and bridge amplifier response and monophasic 
action potential (bght line) obtained from the first derivative after approximate 
correction for action potential amplifier response 


The time course of the membrane conductance is best discussed 
in connection with the action potential, but before doing so we should 
submit some proof that the oscillograph sweep 


circuit which gave the horizontal time scale, 
did not alter m the interval between the 
impedance and action potential exposures To 
do this, the two have been taken simultaneous!) 
by appl>ing the Vi potential, of Tig 9 6, to the 
vertical plates and bridge output to the hori 
zontal plates with the result shown in Fig 11 
It IS here seen as in Fig 9 h, that the potential 
nses to its maximum value before the bndge 
goes off balance It is then clear that the con 
ductance does not start to increase until the 



Tic 11 The first 
derivative action po- 
tential Vi vertical, 


point of inflection on the V or membrane po 
tential cuixe. Fig 9 a, which is the reversal point 
of the 1'^// or membrane current curve, Fig 9 c 
The small “foot” at the start of the membrane 
conductance pictures is due m part to the spread 


against the bndge 
unbahnee at 20 kc , 
horizontal during 
the passage of an 
impulse 


of the measuring current be>ond the impedance electrodes which 


gives a similar foot m Fig 7, but it seems fairly certain that there i 


* Cole Iv S and Curtis H J 1938-39,/ Gat Iftysio! 22 51 
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at least a measurable increase m conductance before the large and 
rapid increase takes place The action potential corrections do not 
permit an accurate placement of this change, but it seems slightly 
to precede the reversal of the membrane current This effect may 
be the impedance counterpait of the phenomenon preceding excita- 
tion at the cathode which has been observed by Katz (1937) and 
Hodgkin (1938) 

The difficulties of determining the time of rise of the membrane 
conductance have alread) been discussed and the only conclusion to 
be made at present is that it is probably at least as short as 100 jusec 
and perhaps even shorter In contrast to the Nitella results, it will 
be noticed that for the squid axon the recover}^ of the action potential 
IS completed considerably before that of the membrane resistance, 
but It seems likely that when this difference can be explained the 
whole phenomenon of excitation and conduction will be fairl}'- well 
understood 

It should be possible, at this point, to determine the time course of 
the membrane electromotive force, by Nttella equation (16), and so 
obtain a complete picture of the electrical behavior of the membrane 
during activity These calculations on Ntiella were found to be 
ver} sensitive to small errors' so it seems best to avoid this procedure 
until other means have been exhausted and better squid data are 
available 

It seems apparent, however, from the data now available that, as 
w^as found for Nitella, the foot of the monophasic action potential 
up to the point of inflection represents a purely passive discharge into 
the active region following Up to this point, the axon acts like a 
communication cable and although the conditions for the breakdown 
are being approached the axon has not 3 '^et exhibited any biological 
characteristics At the point of inflection, we have the increase of 
conductance and decrease of electromotive force which give rise to 
the constant velocit) and all-or-none behavior so characteristic of 
the propagated disturbance in excitable tissues 

The similarity of the impedance changes in the activity of Nttella 
and the squid axon is so striking as to add further proof that the phe- 
nomena of excitation and conduction are fundamentally the same in 
these forms Since the action potentials of these forms are com- 
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parable with those of other nerve fibers and the membrane capacities 
of many cells, mcludmg the Nttclla and the squid, cat sciatic, and 
frog sciatic axons, are nearly the same (c/ Cole, 1939) we may as 
sume for the present that there are impedance changes in other nerve 
fibers and that the mechanisms of exatation and propagation are all 
quite similar In the future the impedance changes should be meas 
ured more accurately in Ntlella and in squid and should be looked for 
in other forms, and the effects of various chemical and physical 
changes of environment should be investigated There are a few 
prelimmary observations on subthreshold phenomena and drug action 
but these are too incomplete to be discussed at the present time 

SITMMARV 

Alternating current impedance measurements have been made 
over a wide frequency range on the giant axon from the stellar nerve 
of the squid, Lohgo pcahi, durmg the passage of a nerve impulse 
The transverse impedance was measured between narrow electrodes 
on either side of the axon with a Wheatstone bridge having an am- 
plifier and cathode ra> oscillograph for detector When the bridge 
was balanced, the resting axon gave a narrow line on the oscillograph 
screen as a sweep circuit moved the spot across As an impulse 
passed between impedance electrodes after the axon had been stimu 
lated at one end, the oscillograph line first broadened mto a band, 
mdicating a bndge unbalance, and then narrowed down to balance 
durmg recovery From measurements made dunng the passage of 
the impulse and appropriate analysis, it was found that the mem 
brane phase angle was unchanged, the membrane capaaty decreased 
about 2 per cent, while the membrane conductance fell from a resting 
value of 1000 ohm cm ’ to an average of 2S ohm cm * 

The onset of the resistance change occurs somewhat after the start 
of the monophasic action potential, hut coinadcs quite closely with 
the point of inflection on the rising phase, where the membrane cur 
rent reverses m direction, corresponding to a decrease in the mem 
brane electromotive force This Eiir and the conductance are 
closely associated properties of the membrane, and their sudden 
changes constitute, or are due to, the activitj which is responsible 
for the all-or none law and the imtiation and propagation of the 
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nerve impulse These results correspond to those previously found 
for Nttdla and lead us to expect similar phenomena m other nerve 
fibers 

We wish to express our appreaation of the valuable assistance of 
Mr J M Spencer in all parts of this work 
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INXKODDCHON 

The electncal structure of the squid giant axon has been investi- 
gated by measuring the alternating current impedance between 
electrodes placed on opposite sides of the axon In these transverse 
measurements, the lines of current flow are pnmanly perpendicular 
to the axis of the fiber and the analysis of the results is relatively 
simple It was found that the axoplasm is a good conductor and that 
it IS bounded by a membrane with a relatively high resistance and a 
capacity of about Ijif /cm ‘ (Curtis and Cole, 1938) Further exper- 
iments on active axons showed that the action potential was asso 
ciated with a transient decrease in the electncal impedance (Cole and 
Curtis, 1938 b, 1939) The decrease was pnmanlv due to a fall in 
the membrane resistance to about 25 ohm cm ’ at the height of 
activity while the membrane capacity was relatively little affected 
by excitation These measurements gave no information about the 
resistance of the membrane in the resting state because the current 
flow through that resistance is always negligible The resistance is 
so high and the electrodes are so dose together that at low frequencies 
most of the current flows through the external medium At high 
frequencies, the current penetrates the cell through the capaaty of 
the membrane, and the resistance is again effectively short arcuited 
However, the restmg membrane resistance may be determined from 
direct current measurements with a length of axon between two 
electrodes which surround the fiber In such an axial or longitudinal 
arrangement, the lines of current flow are pnmanly parallel to the 
671 
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axis of the fiber except where they cross the membrane When the 
electrodes are close together nearly all of the current will flow m the 
connective tissue sheath/ but as the inteipolar distance is increased, 
a larger proportion of it will cross the membrane m the neighborhood 
of one electrode, flow through the axoplasm, and leave in the neigh- 
borhood of the other electrode In the squid axon, when the elec- 
trodes are a centimeter apart, about 80 per cent of the current crosses 
and recrosses the membrane Since so much of the current flows 
through the membrane resistance, we may calculate it, as well as 
the resistances of the connective tissue sheath and the axoplasm, from 
the relation between the measured direct current resistance and 
the electrode separation 

It should be possible to calculate the unknown resistances from 
measurements made with any length of fiber m contact with the 
electrodes, but the analysis is involved unless the electrodes are very 
short or Yevy long When the electrodes are very short the calcula- 
tion becomes simple, but the experiment is rather difficult The 
interpretation of tlie data is somewhat more complicated when very 
long electrodes are used, but the experimental procedure is so much 
simpler that this method has been chosen 

EXPERIMENTAL METHOD 

Fig 1 shows the electrode system employed One end of the fiber was drawn 
up through a narrow opening into the wide tube A which was joined to a calomel 
electrode and filled with sea water The other end hung through a layer of oil 
into a large volume of sea water which connected with a second calomel electrode 
The resistance of the two electrode systems was 800 ohms The interpolar 
length was determined by the distance between the two sea water interfaces 
and could be varied by raising the upper electrode in an adjustable stand Incre- 
ments of distance could be measured to 50 ji by means of a micrometer scale 
which was attached to the screw control on the adjustable stand The principal 
advantages of this electrode system were, first, that the interpolar distance could 
be altered very rapidly without changing the contact resistance of either electrode, 
and second that there was no opportunity for evaporation or condensation of 
water to alter the resistance of the preparation 

Giant axons were obtained from the hindmost stellar nerve of Lohgo peahi 
Great care was taken to remove as much connective tissue as possible because it 

1 This term is used to describe the layer of difltuse connective tissue and sea 
water which chngs to a fiber in oil or air 
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introduced irregularities m the resistance length curve About 35 mm of axon 
rverc required since the interpolar distance had to be increased to 10-15 mm and 
10 mm were kept in each electrode The reasons for using such long stretches 
m the electrodes are, first, that the theoretical analysis is based on the assumption 
of an infinite polar stretch, second, that the properties of the membrane might 
be altered by the mjurv currents ^hich spread for several millimeters from the 
cut end The diameter of the fibers was measured at inlcxvals o! 5 mm with an 


1 



Fig 1 Arrangement used for resistance-length determinations E ts an 
ebonite holder which is connected to an adjustable stand For other letters see 
text 

eyepiece micrometer which magnified 70 times Although most axons tapered 
slightly the diameter in the interpolar region was constant to withm about 5 
per cent and this variation did not cause any large error 

The method of mountmg the fiber m the electrode chamber was as follows 
After the dissection was complete a loop was tied in the silk ligature at one end 
of the fiber and a small platinum hook B attached to the other The function of 
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this hook was to puU the fiber downwards and keep it m a vertical position when 
finally suspended in the electrode chamber The upper electrode was raised 
out of the container C and lowered into a large dish of sea water The fiber was 
placed m this dish and the silk loop at one end pushed through the 1 5 mm pore 
at the bottom of the tube A This loop was caught m the glass hook D which 
was then pulled up until about 10 mm of fiber had been drawn into A Finally ^ 
the electrode and fiber were lifted out of the dish of sea water and lowered into 
position inside C 

At the begmning and end of each experiment the excitabihty of the whole 
axon was tested by recording the action potential with an amplifier and oscillo- 
graph This was done inside the electrode chamber using the resistance electrodes 
as common stimulating and recordmg leads The stimulus did not obscure the 
action potential, because it was apphed through a balancmg circuit The re- 
sistance measurements were begun only if the axon was normally excitable Some 
of the axons produced action potentials of 70 mv and survived for 6 hours m the 
electrode chamber 

The electrical resistance of the nerve was determined by appljmg a known 
voltage and measuring the current with a galvanometer (Leeds and Northnip, 
Type R, 4 4 10~'° amp /mm } The voltages were adjusted to produce a current 
of about 0 4 g amp which was roughly one-tenth of that required to stimulate 
The current was allowed to flow for about 15 seconds Under these conditions 
the nerve seemed to behave as a simple resistance, since the current was propor- 
tional to the voltage and independent of its duration An approximate value for 
the zero was first determined by noting the lowest resistance which could be 
obtained without permitting the two surfaces to coalesce The resistance- 
length curve was usually started from a pomt which had a shghtly greater re- 
sistance than this Each observation was made with the current flowing first 
in one direction and then in the other The two determinations usually agreed 
to within 3 per cent The experiment was made as rapidly as possible in order 
to avoid progressive changes m the position of the zero and in the resistance of 
the nerve When the curve was complete, one point was redetermined in order 
to make certain that there had been no serious drift in resistance The experi- 
ments were usually made with increasing electrode separations, but occasional 
tests showed that similar curves could be obtained from measurements made in 
the reverse direction 

The experimental method was tested by measuring the relation between re- 
sistance and length in uniform rods of agar sea water These were of the same 
dimensions as the nerve and could be mounted m the electrode chamber m a 
similar manner The experimental pomts for the two rods, shown in Fig 2, 
do not diverge from a straight line by more than 0 3 mm As an additional test 
one experiment was made on a glass rod which had been coated with a thin layer 
of agar sea water This also gave a Imear relation between resistance and length 

Fig 2D shows the resistance-length relation measured on a hving axon with 




Fig 2 Resistance-length measurements on 
A 720/1 agar rod 

B 340/i agar rod reinforced with 60/i hair 
C 670/1 glass rod coated with uniform layer of agar 28 ± Sfi thick 
B Living axon, resistance measured with 100 kc./sec alternating current 
This axon was the same as that m Fig 3 and had a diameter of 540 /i 

Temperature 22-2o*C Zero distance taken at point where two surfaces 
coalesce Zero resistance as electrode resistance x\ hen tn o surfaces have coalesced 



Fig 3 Relation between resistance and length on a S40/i axon The upper 
dotted hne is drawn asymptotic to the cur\e for large lengths the lower one 
through the origin and parallel to the upper line Observations made with m 
creasing electrode separations upper point at 2 8 mm determmed at end of 
espcnment 
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this hook was to puli the fiber downwards and keep it in a vertical position when 
finally suspended in the electrode chamber The upper electrode was raised 
out of the container C and lowered into a large dish of sea water The fiber was 
placed in this dish and the silk loop at one end pushed through the 1 5 mm pore 
at the bottom of the tube A This loop was caught in the glass hook D which 
was then pulled up until about 10 mm of fiber had been drawn into A Finally /• 
the electrode and fiber were lifted out of the dish of sea water and lowered into 
position inside C 

At the beginning and end of each experiment the excitability of the whole 
axon was tested by recording the action potential with an amplifier and oscillo- 
graph This was done inside the electrode chamber using the resistance electrodes 
as common stimulating and recording leads The stimulus did not obscure the 
action potential, because it was applied through a balancing circuit The re- 
sistance measurements were begun only if the axon was normally excitable Some 
of the axons produced action potentials of 70 mv and survived for 6 hours in the 
electrode chamber 

The electrical resistance of the nerve was determined by applying a known 
voltage and measurmg the current with a galvanometer (Leeds and Northrop, 
Type R, 4 4 amp /mm ) The voltages were adjusted to produce a current 
of about 0 4 /i amp which was roughly one-tenth of that required to stimulate 
The current was allowed to flow for about 15 seconds Under these conditions 
the nerve seemed to behave as a simple resistance, since the current was propor- 
tional to the voltage and independent of its duration An approximate value for 
the zero was first determined by noting the lowest resistance which could be 
obtained without permitting the two surfaces to coalesce The resistance- 
length curve was usually started from a point which had a slightly greater re- 
sistance than this Each observation was made with the current flowing first 
in one direction and then in the other The two determinations usually agreed 
to within 3 per cent The experiment was made as rapidly as possible in order 
to avoid progressive changes in the position of the zero and m the resistance of 
the nerve When the curve was complete, one point was redetermined in order 
to make certam that there had been no serious drift in resistance The experi- 
ments were usually made with increasing electrode separations, but occasional 
tests showed that similar curves could be obtamed from measurements made in 
the reverse direction 

The experimental method was tested by measuring the relation between re- 
sistance and length m uniform rods of agar sea water These were of the same 
dimensions as the nerve and could be mounted in the electrode chamber m a 
similar manner The experimental pomts for the two rods, shown in Fig 2, 
do not diverge from a straight line by more than 0 3 mm As an additional test 
one experiment was made on a glass rod which had been coated with a thin layer 
of agar sea water This also gave a Imear relation between resistance and length 

Fig 2D shows the resistance-length relation measured on a livmg axon with 
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Fig 2 Resistance-length measurements on 
A 720;i agar rod 

B 340p agar rod reinforced with 60/i hair 
C 670^4 glass rod coated with uniform layer of agar 28 ± Sjx thick 
D Living axon, resistance measured with 100 kc /sec. alternating current 
This axon was the same as that m Fig 3 and had a diameter of 540^ 

Temperature 22-25®C Zero distance taken at point where two surfaces 
coalesce Zero resistance as electrode resistance when two surfaces have coalesced 



Fig 3 Relation between resistance and length on a S40/i axon The upper 
dotted Ime is drawn asymptotic to the curve for large lengths, the lower one 
through the ongm and parallel to the upper line Observations made with m 
creasing electrode separations, upper point at 2 8 mm detennmed at end of 
expenment 
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100 Lc alternating current by the method descnbed by Cole and Curtis (1937) 
Smce the nerve membrane has a low impedance to high frequency current, it 
cannot prevent an even distribution of current throughout the fiber Hence the 
high frequency resistance is directly proportional to the mterpolar distance and is 
determmed by the parallel resistance of core and external fluid 

Expermental Restdts 

A typical resistance-length curve is shown in Fig 3 where the circles 
are the espenmental points When the electrodes are dose together 
very httle current penetrates the fiber, because the resistance of the 
membrane is high compared to that of the external flmd Therefore, 
the mitial slope of the curve is steep and is determined by the external 
resistance As the electrodes are separated and a greater area of 
membrane is exposed, more current penetrates the fiber Hence 
the slope of the curve decreases, until at 8 to 10 mm the relation be- 
comes a straight hne with a gradient equal to the parallel resistance 
of the core and the external fluid 

The form of the resistance-length relation is derived m the theoreti- 
cal section from the equations of Helvm (1856) which govern the 
spread of current m cable-hke systems There have been many 
apphcations of this t)q)e of analysis to nerve, and among the more 
recent are those of Labes and Lulhes (1932), Rushton (1934), and 
Cole and Curtis (1936) With the type of electrode employed we 
obtain the equation 

^ ^ rirt ^ ^ 

n + r, (ri + rs)(v' + rs)/r 3 + coth s/2\) 

where R = total resistance of nerve, s = mterpolar distance, n = 
external resistance per umt length, rz = core resistance per unit 
length, X = -y/uUri -f r^, a^nd n is the resistance of a unit length of 
membrane 

Close agreement between the theoretical and experimental curves 
can be obtamed as is shown m Fig 3 where the smooth curve is drawn 
accordmg to this equation 

For reasons which will be discussed, the mterpolar distance s and 
the resistance R were both assumed to be zero when the upper and 
lower memscuses just fail to touch The constants m equation (1) 
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:re determined by the method to be outlined later Tor this 
irticular fiber the following values were obtained 

ri 61 800 ohm/cm 
ft = 16 180 ohm/cm 
14 “■ 4110 ohm cm 

The membrane resistance per sq cm Tli can be calculated from ri 
the radius a of the fiber is known Thus Ri >= Ivari The specific 
sistance of the protoplasm may be obtained from rt by the 
juation, 7?! = irojr’ The conducting material outside the fiber 

TABLE I 


Expenrnents made at 22-25®C Zero taken at pomt of coalescence Extreme 
dues given in cases where data did not allow exact analysis Brackets m first 
lumn indicate that successive measurements were made on one fiber 


Axoad aineter 

, Mcnbriice mltUace 

m 

1 Specific tcsitl»nce ol ^ 
1 protoplura 

Tblcb&cu ol exttmxl 
fluid 
(6) 

nUra 

ckm ml 

^ okm cm 1 

mUr« 

500 

noo 

! 34 
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480 

, 500-800 

; 25-23 
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500-600 

27-26 

1 18-17 

J 

'360 

900 

28 

1 8 

1 


1000 

27 

1 7 

1 

'540 

1000 

38 

; 28 


1 — 

700 

37 

20 


i- 

600 

i 37 

16 

480 ' 

400 

24 

21 


460 

600 

22 

n 


— 

400-700 

27-22 

15 


l~ 

600 

26 

12 


onsisted of a thin layer of connective tissue and sea water The 
hickness b of this layer can be calculated approximately, if it is 
ssumed to have the same conductivity as sea water, by 6 = ir /2?rari, 
here a is the specific resistance of the material outside the fiber 
his equation holds as long as 6 is small compared to o In the 
iresent work ir has been taken as 20 5 ohm cm which is the resistance 
if Woods Hole sea water at 25° The fiber of Fig 3 had a radius of 
70 m, consequently 

6 =*» 19 6 M *= 37 1 ohm cm i?4 “ 697 ohm cm * 
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Our results are summarized m Table I The axons in these ex- 
periments were excitable and their thresholds remained constant 
while the measurements were in progress Measurements were made 
on five more fibers, but the results were rejected Two were found 
to be mexcitable at the end of the expenment Two were excitable, 
but large differences m the resting potential and irregulanties m the 
shape of the action potential showed that they were in poor condition 
Inspection of the resistance-length curves obtained from these fibers 
showed that the membrane resistance must have been much lower 
than any m Table I One expenment, made on an axon with a 
large amount of loose connective tissue, gave a very irregular resist- 
ance-length curve which could not be analyzed 

The External Resistance 

Table I indicates that the thickness of the layer of sea water and 
connective tissue which adhered to a fiber m oil varied from 7-28/1 
We did not try to check this result directly, but visual inspection left 
no doubt that the external layer was very thin compared to the axon 
diameter 


The Protoplasm Resistance 

The average value for the specific resistance of the protoplasm is 
29 ohm cm which is about 1 4 times that of sea water This result 
is smaller than those obtamed from measurements with alternating 
current and transverse electrodes Curtis and Cole (1938) obtained 
values ranging from 1 5 to 6 9 times that of sea water and gave 4 as an 
average 


The Membrane Resistance 

The values of membrane resistance he between 400 and 1100 
ohm cm - with an average of about 700 ohm cm ^ 

The Characteristic Lengths 

The characteristic lengths m oil vaned from 18 to 3 8 mm with 
an average value of 2 3 mm In sea water, the charactenstic lengths 
were between 5 0 and 9 3 mm The average value was 6 0 mm 
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Theory 

The Resistance Length Relation — ^Thc nerve fiber is assumed to 
behave Uke a umfonn cable, with an external resistance, ri, per unit 
length, due to adherent connective tissue and sea water, a core resist- 
ance, fi per umt length, due to the axoplasm, and a membrane, or 
insulation, resistance of n per umt length The correspondmg sheath, 
core, and membrane currents, ti, tj, and u, are to be considered positive 
in the direction of current flow The resting electromotive force of 
the membrane may be ignored when we assume that it is the same 
everywhere and is not affected by current flow Since, by symmetry, 
there is then no potential difference across the membrane at the center 
of the interpolar region, distance and the potentials, Vi of the sheath 
and Tj of the core, will be measured from this point 

We shall define the mterpolar region as the length of axon, r, in 
which fi IS uniform, and the polar region as the length of axon 
■where the outside potential, Vi, is constant, n is negligible, and ii 
IS zero 

By Ohm’s law, we have 

^ - r,„ (2) ~ = r.n (3) and g. - V, - r.i. (4), 


and hy contmnily ol cnirenl 


^ (5) and *( + u “ *0 (6), 

ax dx 

where »o is the total current flow From (2), (3), and (6), 

i(V. - r.) . , , , 

T = ri/i - r,i, - (r, -t- r,)i, — f,i, 

ox 

By differentiation of (7) and substitution of (4) and (S), 

4*“ r. 

The solution of this differential equation is 

V, — V, =• A swih x/X + B cosh x/X 


( 7 ) 

( 8 ) 

(9) 


where X = + ri) is the charactenstic length Since Vi — Fj 
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= 0 when a = 0, we have 5 = 0 Differentiating (9) and substitut- 
ing in (7) gives 

d(F, - 7s) A 

— = - cosh - = r:ti - rs»s (10) 


With this value for A, (9) becomes 


— Vi = (nil — r 3 t;)X tanh x/\ (11) 

Integration of (2) and substitution of (7) gives 


7i 


r,rs 


r A r ^ 

= / dv = ri I tidx = 

Jo Jo '■i + '■i 

Then from (6) and (11) 

/ n x\ 

I x -i — X tanh - I 
I V fi 


«or + 


n + rs 


(7, - 7s) 


7i = 


nrs 

n + ^2 ’ 


\u + 


fl "h Ts 


— X tanh ts 


(12) 


(13) 


and similarly, 

- -w(*- 

n + r. \ 


7, 


X tanh 


+ -Xtanh f) ,s 

X/ ri -i- rs \ n X/ 


(14) 


These equations completely descnbe the interpolar region, where n is 
constant, and the coefficients of ti and are called resistance coeffi- 
aents The quantities Fi, Fz, ?i, and h depend upon conditions at 
the end of this region and it is necessary to determme them before 
the measured resistance can be calculated 
If the electrode potential is Fq, then correspondmg to (13) and (14) 
V e have the equations 

7o — 7i = fiitti + jSisJs (IS) 

7o — 7* = Asn + fill f 3 (16) 


v here the resistance coefficients /Sn, fin, and /Szj are to be determined 
In the electrode region proper, where the outside potential is constant, 
we ma}^ apply (13) and (14) by remembenng that n is neghgible and 
ji IS zero, and obtam 

Vo — 7( = 0, Vo — Vi = VrsrI fi tanh x/Xp (17) 

where V[ and Fn are the potentials of the sheath and core at the 
boundarx' of the electrode, = Vri/rz is the polar charactenstic 
length, and a is the distance from the boundarj^ to the pomt where the 
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sheath and core are at the same potential We may expect these 
potentials to be equal where the axon is hgated, but if x = 2Xp we 
have wnthm S per cent 

Va ~ Vj \/ nra *j (18) 

The simplest and ideal condition is the one in which there is a sharp 
boundary between the polar and interpolar regions Then Fi = Kj 
= V^o, 1^1 = V's, li = li, and by eliminating V , »j, and jj between 
equations (6), (13), (14), and (18) we obtain for the resistance 

^ 270 ^ fif, ^ 

*0 O + r, (f, + r,) (\/ (r, r,)/rj + coth l/2X) 

Analysts of Resistance Length Curves — One w ay of findmg the 
correct values for the three constants in equation (1) would be to try 
a number of values and select those which gave the best agreement 
between the theoretical and the experimental curves This method 
would be possible if a smgle constant were involved, but it becomes 
exceedmgly labonous when three have to be determmed The foUow- 
mg method was finally adopted 
Equation (1) can be written 


** fw -t* y 

(IP) 

where 


m 

n + r. 

(20) 

2rJX 

^ (n + rO ( V (0 + ol/ri + coth l/2X) 

(21) 

When J is infimte we have 


2r;x 

(o + rt)( V(ri + T,)/r, + l) 

(22) 

Introduce a new constant h defined by the relation 



(23) 


Then from (21) and (22) we have 

y 2 + h 


1 + A + coth s/2\ 


( 24 ) 
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Equation (22) may be wntten 

y„ = 2mh\ (25) 

where m and h are defined by (20) and (23) 


Hence 


X = yjlmh 


Substitutmg this value in (22) we obtain 


(26) 


y _ 2 + /; 

y« 1 + A + coth /r(«»Vy«) 


(27) 



Fig 4 Diagram illustrating meas- 
urement of y, and in 


y, y^, and m can be measured 
directly from the resistance-length 
curve, as shown m Fig 4 Hence 
we can plot y/y^ against ms/y„ 
and obtain a curve which depends 
only upon h The best value 
for h may then be determined 
by comparing this curve with 
a standard family of the form 

2, 1i 

1 h + coth hx 


The values for ri and rz can be 
obtamed by means of the following 
equations which may be denved from (20) and (23) 


Ti = tn{h + D® 


(28), 


m{h -h D® 
/(® + 2h 


(29) 


X can be determined from (26), and n from the relation, 

ft = X®(ri fj) (30) 


DISCUSSION 

The Polar Region — ^Equation (1) assumes an infinite length of axon 
m each electrode, but m practice there might be as little as 1 cm 
between a ligature and the mterface It is found m equation (18) 
that the polar resistance for an infinite stretch is For a short- 

circuited end we have tanh xfKp (17), and for an insulated end, 
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^JrtrK coth *Ar 1° either case, -when » > 2Xp, the error will be less 
than 5 per cent of the polar resistance and a considerably smaller 
percentage of the total resistance Since the average value of hp is 
0 6 cm , the polar length should have been greater than 1 2 cm on 
this basis, but 1 0 cm was satisfactory If the membrane is injured 
at the ligature m such a matmer as to reduce the membrane resistance 
and approach the short circuited end condition, the experimental 
points ^ould fall below the theoretical curve as the end nears the 
interface However, it was found m every case that the resistance 
was higher than predicted, mdicating that the resistance at and near 
the ligature was high and that the membrane was not severely injured 
in this region 

r/ic HfentscMS ifegion— The pnncipal difficulty m the interpreta- 
tion of the expenmental data was caused by the capillary nse of the 
sea water on the axon at each oil water mterface Because of it 
there is no simple way of determining cither the electrode separation 
or resistance correspondmg to a zero interpolar length, and these 
quantities should be determmed accurately because the charactens 
tic length m oil is quite small — 2 3 mm 

In the theoretical section, the mterpolar region was defined as the 
length of axon having a constant external resistance fi and the polar 
region as that m which the sheath potential is constant and the 
longitudinal current ti and resistance r, are neghgible, and these two 
regions were assumed to have a common boundary This condition 
would probably be met if it were possible to pull each end of the axon 
into a thin close fitting metal tube which would serve as an electrode, 
but with hquid electrodes there is certainly a transitional region 

As an approxunation, the transitional region may be ignored and 
the resistance length curve extrapolated back to a zero determmed 
by the resistance of the electrodes alone When this is done for the 
data m Fig 3, the pomt of coalescence corresponds to an interpolar 
distance of about 0 4 mm and a resistance of 2100 ohms From the 
analysis of the data on this basis, r, is 20 per cent larger, n is 4 per 
cent less, and fi is 25 per cent larger than was obtamed above This 
method of analysis was not generally employed because it has shght 
theoretical foundation and because the experimental pomts agreed 
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more closely with equation (10) when the pomt of coalescence was 
taken as the zero mterpolar distance 
If there were no meniscus and the sea-water oil mterfaces were 
perfectly plane, there would be a crowding of the lines of current flow 
before they enter the sheath, which would result m a potential gra- 
dient m the sea water along the sheath and give nse to an external 
resistance An approximate calculation of this resistance for the 
axon of Fig 3 gives a value of 1000 ohms for the two interfaces The 
actual resistance would be higher than this because the mterfaces 
were curved and not plane as assumed m the calculation The 
smallest resistance observed experimentally was only about 2000 
ohms, and so must have been due primarily to the constnction of the 
hues of current flow m the two memscuses Hence there is some 
justification for takmg the pomt of coalescence as zero distance 
To detenmne the effect of the memscus on equation (1), the com- 
bmed charactenstics of the meniscus and polar region may be given m 
the form of equations (15) and (16) From these and equations (13) 
and (14) we find the resistance 

T, . 2r\}.piq^ , „ 

R — — ; — + } — ; — TT — y ~r - ^ (31) 

n + Tt (rj + r,)(g\/ (r, -f r,)/r, + coth 5/2X) 

where i2o is the resistance for zero mterpolar length, g is a function 
of and ^ 12/^22 and p involves these ratios and r 2 /ri This 

equation is too complicated to use for a direct evaluation of ri, rj, 
and and the method of analysis used with equation (1) is not valid 
but the errors can be estimated For rough calculation we may take 
/3n = 1000 ohms, = 20 ohms, and )Sz 2 = 8000 ohms from equation 
(18), and then for the data on p 677, /> = 0 97, j = 0 88 It is found 
that n should be about 25 per cent greater, r 2 about 7 per cent less, 
and r 4 about 20 per cent less than the values previously calculated 
The expemnental pomts acadentally agree equally well with equations 
(1) and (31) 

T/ie Membrane Resistance — The method of analysis is based upon 
a theorj^ which neglects the transitional region between the polar 
and mterpolar lengths of the axon It is best apphed by measunng 
the resistance and mteipolar length from their values when the 
upper and lower memscuses just remam separate A less satisfactory 
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method is to ignore the meniscus resistance and extrapolate the re- 
sistance length curve back to the resistance of the electrodes alone, 
this gives values for the membrane resistance which are 25 per cent 
larger than those obtained by the first method A more complete 
theory including the transitional region is too mvolved for practical 
use, but approximations from it suggest a 20 per cent smaller mem- 
brane resistance 

The average value for the membrane resistance was 700 ohm 
cm but we propose to adopt a value of 1000 ohm cm * as a tentative 
estunate for the membrane resistance Only a few of the axons had 
this membrane resistance, but they seemed to survive longer and so 
were probably more nearly normal The membrane resistance ma> 
be high when the axons are m their natural state mside the body and 
may then fall to a relatively low value dunng the dissection At 
present there is no way of decidmg whether the value of 1000 ohm 
cm * IS a normal one, all that can be said is that it was obtamed on 
axons which behaved as if they were in good physiological condition 

Previous measurements of membrane resistance have been made on 
NiMla and Vahitta Blmks (1930 6) obtamed an average value of 
250,000 ohm cm ’ for the resistance of the thm protoplasrmc layer 
which bounds the vacuolar sap in Nitdla However, Nitdla is sur- 
rounded by fresh water, and for this reason its outer membrane may 
have a high resistance Blmks (1930 o) found considerably lower 
resistances in the marme cell Valoma Here the resistance varied 
from less than 1000 ohm cm ’ m freshly gathered cells to over 50,000 
ohm cm^ m cells which had been kept under constant conditions, 
and 10,000 ohm cm ’ was given as an approximate value for a normal 
cell In Valoma the current must cross two protoplasmic membranes, 
and the resistance of each would therefore be about 5000 ohm cm * 
m a normal cell The largest membrane resistance observed m our 
experiments was 1100 ohm cm’ This suggests that the physiological 
condition of an isolated axon may be similar to that of freshly gathered 
Vaionta 

The resistance length curves descnbed in this paper are qualita 
tively similar to those obtamed on medullated nerve by Rosenberg 
and Schnauder (1923), Lulhes (1930), and Rushton (1934) Their 
experiments were made with whole nerve trunks and the results 
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cannot be analyzed witb any certamty However, a rough value 
for the combined resistance of myelm sheath and membrane can be 
obtained by making a number of sunplifymg assumptions as to the 
structure of the nerve trunk Analysis of Rosenberg and Schnauder’s 
data gives a value of 4 X 10^ ohm cm ^ for the resistance of sheath 
and membrane Hill (1932) calculated a value of 2 2 X 10® ohm 
cm2 on the basis of Rushton’s (1927) measurements Both these 
estimates are open to a number of objections, but there can be httle 
doubt that the combmed myelin sheath and membrane resistance is 
much larger m meduUated than m non-medullated fibers This dif- 
ference could be explamed if myelm were a matenal with a high 
specific resistance 


SUMMARY 

The direct current longitudinal resistance of the squid giant axon 
was measured as a function of the electrode separation Large sea 
water electrodes were used and the mter-electrode length was im- 
mersed in oil The slope of the resistance vs separation curve is 
large for a small electrode separation, but becomes smaller and finally 
constant as the separation is mcreased 

An analysis of the resistance vs length curves gives the foUowmg 
results The nerve membrane has a resistance of about 1000 ohm 
cm 2 The protoplasm has a specific resistance of about 1 4 times 
that of sea water The resistance of the connective tissue sheath 
outside the fiber corresponds to a layer of sea water about 20m m 
thickness The characteristic length for the axon is about 2 3 mm 
m oil and 6 0 mm in sea water 

We are mdebted to Dr W A H Rushton for criticism, and to The 
Rockefeller Institute for Medical Research, New York, for the loan 
of apparatus 
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In the course of a senes of studies now in progress concerning the 
effects of low veloaty electrons upon the spores of highly standardized 
cultures of the Ascomycete fungus Aspergillus ntger, it became of 
interest to undertake comparative work with ultraviolet hght upon 
the same matenal A large amount of work has been done upon the 
comparative killing effects of vanous wave lengths of ultraviolet 
upon unicellular organisms Thus Ehrismann and Noethhng (1932) 
and Obter (1934) have undertaken careful studies of the effects of 
equal intensities of ultraviolet of vanous wave lengths on the growth 
of yeast cells Lacassagne (1930) and Wyckoff and Luyet (1931) 
have made extensive surveys of the types of cell injury which may 
supervene on the ultraviolet irradiation of yeast Fulton and Cob 
lentz (1929) have tested the validity of the Bunsen Roscoe relation- 
ship for intermittent ultraviolet irradiation of Penictlltum digilaium 
Nadson and Phihppov (1928) and Hutchinson and Newton (1930) 
have reported stimulation m yeast under low dosages of ultraviolet, 
and Chavarna and Clark (1924) report similar stimulation tor grow th 
rate in cultures of Montonyella Schulze (1909) has reported a senes 
of observations on the morphology of the mycelia of Afiicor stolom/er 
irradiated with sublethal dosages of ultraviolet at 2900 A The 
production of giant cells has been observed by Elfving (1890), Rein 
hard (1923), and Lacassagne (1930) and Holweek (1932) Ramsey 
and Bailey (1930) have observed that conidia may be produced in a 
strain of Fusanum when exposed to ultraviolet which normally does 
not show such structures The inhibitive effect of long exposures 
to ultraviolet upon spore production, and the apparently stimulative 
effect of short ones on Mucor were reported by Purvis and Warwick 
6S9 
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(1907), while similar stimulative effects have been reported by Stevens 
(1928), Dillon-Weston (1932), Hutchmson and Ashton (1930), 
Ramsey and Bailey (1930), Bailey (1932), and Smith (1935) Bovie 
(1914, 1916) has reported the destructive action on germmation with 
ultraviolet ranging from the longest wave lengths to less than 1700 A 
Smith (1935) has studied the effect of temperatures m conjunction with 
ultraviolet killmg Stevens (1928) has reported mutation under 
ultraviolet irradiation, m Glomerella cingnlaia, as has Dickson (1932) 
for Chaetoimum cochhodes 

For the most part, the effects to be descnbed are similar to those 
reported by one or more of these authors, but for several reasons the 
work is considered worthy of report at this time The radiation sources 
available made it possible to obtam high intensities of practically 
monochromatic radiation It is of interest to compare these ultra- 
violet results with those obtamed with low voltage cathode rays, 
using the same cultures of material and the same culturing methods 
Furthermore, certam unique qualitative results have been observed 

Source and Character of Radiahon 

The source of radiation was a low pressure, hot cathode, mercury 
vapor discharge lamp m a glass having a high transmission for ultra- 
violet radiation This lamp operates at a current of 0 25 ampere 
at 60 volts Its output is practically monochromatic radiation of 
wave length 2537 A About 95 per cent of the energy radiated in the 
ultraviolet region hes in the 2537 A line At a distance of 1 meter 
from the lamp the intensity of this radiation is approximately 25 
microwatts/cm' 

The intensity of radiation was measured by means of a sodium 
cathode phototube havmg a thin window of high transmission glass 
Since this phototube has a long wave limit m the neighborhood of 
4000 A its readmgs could be used as a measure of the 2537 A radiation 
The tube was calibrated by Dr B T Barnes of the Nela Park Lab- 
oratory of the General Electric Company 

Material and Methods 

The material used was exclusively the asexual spores of the Ascomycete fungus 
Aspergillus mger, the black bread-mold These spores were obtained from cul- 
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tures of the fungus which have been bred in pure strain and highly standardized, 
and cultured on a standard potato-maltose agar for a number of years (1934) 
The spores are uniformly sphencal, with a nucleus which, at the ages rayed, is 
spherical and centrally placed m the spores The spores vary m diameter from 
3-5 n 

Spores of between 3 and 12 days of age were brushed from the culture dish 
onto cellophane strips, a fine camel s hair brush being used for this purpose The 
cellophane strips, with the spore surface toward the light source, were then exposed 
to the radiation under the conditions desenbed for each experiment Within 
6 hours after exposure they were “printed* as a monolayer of sparsely distributed 
spores, onto the moist standard potato-agar medium, and were cultured at con 
stant temperatures for from 6 to 12 hours At this tune the agar surface was 
examined under the microscope and the hving and dead spores were counted 
Numerous objective fields were counted so as to get an accurate appraisal of 
killing effect for each pnnted area 

Aspergillus spores after ultraviolet irradiation do not germinate at a completely 
uniform rate It was therefore necessary to set up an arbitrarj criterion of sur 
vival At the end of 6 hours of culturing some spores have swollen and sprouted, 
others do not achieve this condition untd between 9 and 12 hours after printing 
It was found that after about 10 hours all the spores which had at this time swollen 
m a characteristic manner would ultimately develop myceha and gi\e all other 
evidences of normal growth Any that had not at this tune swollen were found 
not to swell or germinate at any later period They were arbitrarily construed 
as bemg dead Therefore, spores were counted after 10 hours of cultunng and 
were thus categorically classified as bvmg or dead Survival ratios on the basis 
of such counts were computed as the ratio between the percentage survival of the 
experimental spores and the percentage surviving in the controls (which accom 
pamed each experiment) 


RESULTS 

1 Killing — ^The survival ratios of Aspergillus spores exposed to 
monochromatic ultraviolet radiation of wave length 2537 A as a func 
tion of total inadent energy are presented m Fig 1 The radiation 
intensity at the surface of the material was 88 microwatts/cm or 
880 ergs/cm Vsec In Fig 1 are shown the results of three expen- 
ments, in which the total energy to which the spores were exposed was 
vaned by exposing for vanous lengths of time between 3 and 51 
minutes The curves are of the sigmoid form usually observed It 
IS interesting to compare these results with those reported by Fulton 
and Coblentz (1929) They report 13 3 and 0 5 per cent survival 
after exposures of 1 and 4 minutes respectively to a quartz burner 
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operating at 320 watts. From available data it is possible to make a 
rough estimate of the inadent energy used in their experiments The 
1 minute exposure corresponds to about 846,000 ergs/cm = of 2537 A 
radiation In their experiments, however, there must have been con- 
siderable additional energy of both shorter and longer wave lengths 
2. Effect of Relatviie Humidtty upon Ktlhug — It was especially de- 
sired to determine whether the relative humidity of the atmosphere 
in which the spores were placed at the time of their irradiation was a 
factor in their resistance to ultraviolet radiation Such a question is 
of considerable interest in connection with practical problems of ultra- 
violet fungiadal action Three experimental groups of spores were 
therefore set up to be irradiated under identical conditions One of 
these groups was treated under ordinary atmospheric conditions 
(relative humidity during irradiation being 67 per cent) A second 
group was kept for varying periods of time before irradiation in a 
closed moisture-saturated chamber with a cellophane top This 
group was irradiated without removing the cellophane top The ' 
transmission of the cellophane was measured by means of a phototube 
and the distance from the source adjusted so that the energy inadent 
on the spores was the same as in the previous experiments The 
results are presented in the curves of Fig 2 The data as presented 
in Fig 2 are in terms of survival ratios, and in this form show a 
striking similarity to the normal survival curves of Fig 1 The abso- 
lute survival data (as distinguished from the ratio) of the desiccated 
spores, however, are about 20 per cent lower than those for the spores 
irradiated at atmospheric humidity The absolute survival data of 
the “saturated’’ spores are approximately the same as those for the 
atmospheric spores, possibly a little lower, but not significantly so 
The important observation, however, is that in terms of survival ratio 
the data from these aforementioned experiments fit into the same band 
as those from the atmospheric spores {cf Figs 1 and 2), indicating 
that relative humidity is not of great importance m determining the 
fungiadal efficacy of 2537 A irradiation 

3 Kilhng As a Function of Ultraviolet Wave length — It is a matter 
of considerable interest, both theoretically and practically, to de- 
termme the relative effiaencies in killmg of equal energies of ultra- 
violet of different wave lengths Experiments were therefore under- 
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taken with four wave lengths of 3650 A, 3129 A, 3022 A, and 2537 A 
respectively, obtained by means of a monochromater The results 
are plotted in Tig 3 where survival ratios are shown as a function of 



Fio I Survival ratio ol AsptrgiHus spores exposed to 2537 A radiation 
ensity 880 ergs/cro ’/sec —88 mictowatts/cm ’ Atmosphenc conditions 



la 


Fig 2 Survival ratio of AspergtUus spores exposed to 2537 A radiation la 
tensity 880 ergs/cm ’/sec —88 rmcrowatts/an ’ 

total inadent energy tor different wave lengths The curve for wave 
length 2537 A is repeated from Fig 1 These results show that the 
kiUmg power falls off markedly with the increasmg wave length and is 
negligible for wave length 3650 A 
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4 Delay tn Germination Time — ^Assoaated •with the phenomenon of 
complete inactivation of irradiated spores by ultraviolet is a very 
marked delay of germination This delay is a very definite function 
of the total incident energy to -which the spores have been exposed 
Experiments to test this were undertaken using 2537 A radiation from 
the sources already described, and a constant energy input Experi- 
ments were made -with exposure times of 6, 12, IS, and 21 minutes, 
correspondmg to total energies of 317,000, 634,000, 792,000, 1,110,000 
ergs/cm , and the percentage of spores showing mycehal beaks was 
recorded at various intervals between 7 and 18 hours after planting 
The results are shown in the curves of Fig 4 It will be seen that 
there is a marked increase m delay of total germination with exposure 
time This effect is very sharply differentiated from radiation 


TABLE I 


£xpt No 


Exposure 



No spore# 
ceu&ted 


< /* 


trtt/tm * 

ftrctnt 


1 

844,800 

1 

845 000 

55 0 

649 

2 

422 400 

2 


56 0 

733 

3 

211 200 

4 

■ 

48 5 

481 

4 


8 


61 0 

642 

5 

52 800 

16 


57 5 

483 


damage, inactivation, since even the very delayed spores, once germi 
nated, thereafter developed morphologically normally, and for the most 
part grew at fairly normal rates 

5 The Bunsen Roscoe Reciprocity Law — The question as to whether 
constant dosages of radiant energy produce equivalent biological 
effects m hving organisms, regardless of how apphed, is one which 
has been given very considerable attention in the past 

Experiments in this field were undertaken -with ultraviolet A 
constant energy input of 845,000 crgs/cm * was given several cultures 
in five expenments In the first case, the entire dose was given in 1 
minute In the second, the intensity was reduced to 1 /2 and the time 
doubled In the third, the intensity was quartered and the time in 
creased fourfold and so on, the total variation in intensity being over 
a range of 16 to 1 The results are sho-wn in Table I It -will be seen 
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that there is no systematic deviation in these values Moreover, 
they fall within the calculated probable error for the number of spores 
counted Within the accuracy of the measurements and the counts, 
therefore, it may be concluded that, in this eiqieriment, the validity 
of the Bunsen-Roscoe relationship may be assumed for ultraviolet 
light of 2537 A wave length, over a distribution of time and energy 
input per umt of 16-fold 

6 MorpJiological Changes — ^No attempt was made, to distinguish 
mutations, which have been reported a number of times with ultra- 



Fig 5 1 Normal Aspergillus spore, 3-5 u in diameter 
2 Normal swollen spore prior to sprouting 

2 Spores irradiated with 2537 A ultraviolet while in the swollen condition 
^ nust prior to sprouting (2) Instead of sprouting normally the spores 
^ undergo a continued swelhng, reachmg a diameter about three times normal 
[before sprouting 
Normal sprouting spore 


) Spores irradiated during the early sprouting state (6) 
) results in the bead-hke structure on the mycehum 


Continued growth 


violet, and only incidental attention was paid to morphological changes 
in the irradiated organisms However, one change, similar to that 
recorded by other workers, was met with sufi&ciently frequently and 
was sufficiently conspicuous to deserve mention Undue swelling of 
spores before germination under fairly heavy dosages given after 
swelhng had begun — a phenomenon frequently reported by other 
workers for yeast cells — ^was noticed with considerable frequency 
Many times germination was completely inhibited under these con- 
ditions, and the cells reached giant size without ever showing a more 
advanced condition With mycelia already produced, however, when 
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irradiated, the mycelia formed large swellings or beads at their ex 
tremities These persisted, even when the m> celium had developed 
beyond the enlargement The enlargement was thus left like a bead 
on a thread Occasionally several of these beads developed, and 
persisted throughout the period of observation of the spore The 
vanous types of abnormahties most frequently observed are shown 
in Fig 5 

SUMMARY 

The survival ratio of Aspergillus spores exposed to ultraviolet 
radiation has been measured as a function of total incident energy for 
wave lengths of 2537 A, 3022 A, 3129 A, and 3650 A 
The effect of humidity on killing of Aspergillus spores by ultraviolet 
radiation has been found to be negligible 
A delay in gernunation as a result of irradiation has been found 
The Bunsen Roscoe reciprocity law has been found to hold within 
the limits of the radiation intensities studied 
Certain morphological changes have been observed 
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INTRODUCTION 

The early concept of phage production advanced by d’Herelle in 
volved a general host parasite relationship between the bacterium 
and the homologous phage The phage was thought to be an autono 
mous ultranucroscopic parasite which had the power to break through 
the cell’s outer membrane, once inside the organism it divided mto 
daughter corpuscles and the accumulation of new phage eventually 
resulted in cellular destruction or lysis Certainly this description 
of the essential mechanism of bactenophagy did fit the facts then 
available However, the gradual accumulation of information con 
cermng the reaction that takes place between the phage and bacterium 
has made it doubtful that this simple picture is correct 
It is now reasonably certain that phage is not an autonomous hving 
agent, at least as judged by the criteria of classical ph> siology The 
experimental evidence obtamed by Rrueger and his collaborators (1) 
led to the idea that phage is a protein with many of the properties 
of an enzyme (Krueger (2)), and Northrop (3) has supphed more 
direct proof of this concept by isolating a nucleoprotein which pos 
sesses all the characteristics of phage This does not imply that 
phage occupies an entirely unique position in natural history as the 
only virus of its kmd, for Stanley (4) sometime ago showed that 
tobacco mosaic virus consists of large protem molecules 
The demonstration of the fact that phage is a protein of high molccu 
lar weight assisted immeasurably m approaching the problem of its 
formation Previous studies had indicated that bacterial lysis ensues 
when approximately 100 phage units per bactenum accumulate in 

* This work was supported by grauts-in aid from the Research Corporation 
and from several mterestcd fnends 
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the system (1) Why bacterial growth was essential for the formation 
of phage did not appear Later it was found that when bactenophagy 
took place in the presence of 0 25 m NaCl (5) or 0 125 M Na2S04 (6) 
there occurred prelytic plateaus in the bacterial growth curves extend- 
ing from 0 3 hour to 0 8 hour Despite the fact that there was no 
bacterial reproduction during this time phage formation went on at a 
normal rate, suggestmg that under certam conditions cell division was 
not requisite for phage production Further evidence was supplied 
by the observation that the temperature and pH optima for the two 
rate curves differed (7) 

These findings lead to the conclusion that cellular reproduction 
per se probably was not responsible for phage formation and suggested 
that some other cellular reaction operating optimally under nearly 
identical environmental conditions was accountable The possibility 
that phage might be a product of bacterial metabohsm had been 
stressed long ago by Bordet (8) and it now received support from the 
experiments of Krueger and Baldwin (9) They found that certain 
cell-free ultrafiltrates of normal staphylococcal suspensions when 
added to bacteriophage induced the formation of more phage m 
amounts well beyond the hmit of error of the activity titration method 
However, the phage-forming fraction appeared irregularly in culture 
ultrafiltrates and other means were sought for its demonstration 

Krueger and Mundell (10) have recently reported a method for 
demonstrating what they call “intracellular phage precursor ” They 
observed that staphylococci grown in an oxygenated medium and 
subsequently maintained under conditions precluding cellular repro- 
duction, had the capacity to increase [phage] very considerably when 
added to phage-containing solutions This phage-augmentmg char- 
acteristic of oxygenated or “activated” cells can be demonstrated 
with regularity and is not found in normal restmg cells The present 
paper deals with such properties of the intracellular “precursor” as 
we have been able to deterrmne In speaking of it as phage precursor 
we do so without knowing whether the essential phage-producing 
reaction is the hydrolytic cleavage of a preformed protein precursor, 
as seems to be the case with the autocatalytic transformation of inac- 
tive enzyme precursors into active enzymes, or whether it involves 
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completion of a complex protein synthesis by the cell under the 
stimulus of contact with phage 

EXPERIMENTAL RESULTS 

Throughout the paper the following terms are used 

A. [Phage) ~ Concentration of phage/ml expressed as activity units 

B [Phage] ~ Initial concentration of phage/ml in activity units 

CPU” Phage units or activity units See Krueger (11) or Northrop (13) 
for discussion of the activity titration method. 

I) [Bactena] « Number of ataphylococci/ml 

E [Bactena] i Imtial concentration of staphylococci/ml 

1 Demonstration oj Intracellular Phage Precursor — ^To demonstrate 
phage precursor in the strain of staphylococcus which has been used 
throughout all our previous work on bactenophage the orgamsms are 
grown for 18 hours on nutrient agar in Blake flasks at 37°C The 
cells are washed m Locke's solution and are then grown in broth 
through which oxygen is constantly bubbled The bactena are sepa- 
rated from the medium, resuspended in Ixicke’s solubon, and are 
kept for 2 hours at S°C m order to inhibit any further cell division 
This suspension contams what we caB activated bacteria To 4 ml 
of the activated suspension contaimng 5 X 10’ bactena/ml is added 
1 ml of phage diluted with Locke’s solution to contain 1 X 10’ 
activity umts/ml The mixture is kept for S romutes at S°C and is 
then titrated for phage content by the activity method (11) The 
final [phage] as shonn in Table I is found to be approximately 2 X 10’ 
activity umts/ml , that of the control prepared with nonactivated 
bacteria from the onginal 18 hour agar culture is 2 X 10’ activity 
units /ml 

Certain objections to this experiment at once present themselves 
and must be answered before the phenomenon can be considered valid 
For example, it is quite possible that the bactena which have been 
activated by growth in the presence of oxygen have simply acquired 
an enhanced capacity for reproduction When added to phage for 
the purpose of demonstrating precursor they may go on growmg and 
thus may contmue to produce phage as a function of cellular repro 
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duction, I e , under the conditions described in an earher study (12) 
Another possibility depends upon the fact that when the mixture of 
activated cells and phage is diluted for titration a certam number of 
activated bacteria will be present in the final titration mixtures The 
activity method for phage titration depends upon ascertaining the 
time of lysis of a normal bacterial suspension to which dilutions of 
the phage-containing unknown are added It is conceivable that the 
activated organisms constitute a sigmficant proportion of the whole 
cell population and that they might selectively overgrow the bacteria 
added for titration purposes If they grow at a faster rate they will 
reach the lytic endpoint more rapidly and will give the effect of an 
increased initial phage concentration 

TABLE I 

Oulhne of Expenmeni to Demonstrate the Ehage- Augmenting Capacity of 
Activated Staphylococci 

a Staphylococa “activated” by groi\ tb m Oj medium at 36° C 2 hrs 
b Cells washed and resuspended in Locke’s solution (5 X 10® bactena/ml ) 
c Activated cell suspension kept at 5° C 2 hrs 

d 4 ml activated suspension added to 1 ml phage in Locke’s solution contaming 1 X 10’ 
P U /ml Mixture kept 5 min at 5° C and titrated [Phagelo = 2 X 10® 
[Phage], = 2 X 10’ 

e Control 4 ml onginal 18 hr agar culture diluted in Locke’s solution to contain 5 X 10® 
bactena/ml added to 1 ml phage contaming 1 X 10’ P U /ml Mixture kept 5 min 
at 5° C and titrated [Phage], = 2 X 10®' [Phage] nma = 2 X 10® 


These objections, we beheve, have been answered by the following 
experiments 

A Activated Bacteria Carried over into Titration Mixture May Have 
an Untoward Efect on Accuracy of Results 

Standard phage contaming 1 X 10^'’ activity units/ml is diluted 
in three different sets of broth blanks containing respectively 5 X 10* 
activated bactena/ml , 5 X 10^ activated bactena/ml , and 5 X 10* 
activated bactena/ml These concentrations of activated organisms 
represent the numbers which would be present when the mixture used 
to demonstrate the presence of precursor is diluted for titration To 
4 ml of each dilution of phage 1 ml of normal bacterial suspension 
(12 5 X 10^/ml ) used for titration is added The time of lysis of the 
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vanous mixtures is determined and it is found (Table II) that the 
small amounts of activated bacteria present in the mixtures do not 
affect the titration values in any way 

B Bactenal Growth May Ouitr tn (he Activated Bactena Phage 
Mixtures and This May Be Responsible for the Ohscroed 
Increase vt Phage Tttre 

As soon as the activated organisms prepared as described above 
were suspended m Locke’s solution at 5°C samples were taken at 
successive intervals for direct microscopic counts and for plate counts 
Samples were also taken as soon as the mixture of phage and organisms 

TABLE n 

OtUhne of Experimeut to Tat Efect of Activated Bactena Added to Phage 
Titration System 

1 9 ml broth blanks prepared cootawmg three diBereot cooceotrabons of activated 

bactena 

5 X lO^acbNaudbactena/tnl 
5 X ICH activated bactena/ml 
S X 10* activated bactena/ml 

2 Sets of each concentration used to dilute standard phage for titration (from I X 10^* 

activity umts/ml to I X 10 IX 10* and I X 10* activity units/ml ) 

3 To 4 ml of each diluUon of phage 1 ml of normal bacteria containing 12 5 X 10^ 

cells/ml vras added- 

4 Time of lysis was determined 

5 Presence of 5 X 10*, 5 X 10* or 5 X 10* activated bactena/ml m UtraUon system 

does not affect results 


m Locke’s solution had been made Due to the presence of phage 
only direct microscopic counts could be done on these latter mixtures 
However, no growth was observed in the suspension contaming ac- 
tivated bacteria alone or in the mixture contaming activated bacteria 
and phage (Table III) Both preparations were followed for a 
2 hour interval 

C If Phage Preettrsor Exists It Should Be Possible to Serially Dilute 
a Given Amount of Phage in Successive Aliquots of Precursor 
•without Reducing the Original Phage Ttlre 

One way to accomplish this would be to add sufficient phage to 
the precursor containing organisms so that after the precursor had 
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been converted into phage it would be released by cellular lysis The 
lytic threshold for this particular strain of staphylococcus is 100 
activity units/bacterium When enough phage is added to bring 
about lysis the phage-bacteria ratio is so high that the small increment 
' of phage derived from the intracellular reaction is not detectable 
It is possible to circumvent this difficulty by utilizing the fact that 
small concentrations of Mn++ ions greatly reduce the lytic threshold 
We have reported elsewhere (14) experiments in which the serial 
production of phage from the intracellular precursor of manganese- 

TABLE III 

Tests for Growth of Activated Bacteria Average Values of Three Experiments 
Activated cells were diluted to 5 X 10® bacteria/ml in Locke’s solution and 
were stored at 5° C At intervals samples were removed for direct microscopic 
counts, plate counts, and for an activation test conducted as described m Table I 
In addition, direct counts (last column) were made on a mixture containing 
4 ml of activated cell suspension -}- I ml of phage diluted in Locke’s solution to 
1 X 10» P U /ml and kept at 5“ C 


Time of 
sampling 

IBflctem) JO 
Locke's suspension 
activated cells 
Direct count/ml 

[Bacteria] in 
Locke’s suspension 
activated cells 
Plate count 

Test for activation 
of cell suspension 
Cells mixed tiitb 
phage and titrated 
[Phagclo = 2 X 103 

1 P U /ml 

1 ■ ■ 

Direct count on 
mixture of 4 ml 
octivated cells + 

1 ml phage diluted 
in Locke's 
solution to contain 

1 X 105P U/ml 

hrs 

0 0 

4 5 X 10» 

4 10 X 10» 

1 4 0 X 10' 

3 81 X 10' 

0 5 

4 35 X 10» 

4 0 X 10' 

1 3 5 X 10» 

1 4 02 X 10' 

1 0 

4 61 X 10« 

4 23 X 10' 

4 0 X 10’ 

3 92 X 10' 

1 5 

, 4 47 X 10« 

4 06 X 10' 

4 0 X 10’ 

3 69 X 10' 

2 0 

4 28 X 10« 

3 98 X 10* 

4 0 X 10' 

3 73 X 10' 


treated cells was carried out m the absence of cellular growth 
(Table IV) As each aliquot of intracellular precursor was converted 
into more phage the bacteria lysed and released a measurable quantity 
of phage free in the medium The new lysate was then diluted to 
the original titre, more activated bacteria were added, etc By this 
means the original phage was diluted to more than 1/2,000,000 without 
any loss of [phage] as determined by both the activity and plaque 
count titration procedures 

2 Duration of Activation under Conditions of the Experiment 
Suspensions of activated organisms in Locke’s solution -were kept at 
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S^C and samples were removed at intervals Each sample was mnced 
with a known amount of phage and after standmg at 5°C for 5 minutes 
was immediately diluted for titration (Table V) 

It was found that the suspensions of activated organisms mamtamed 
their activity for 4 hours without change After this time there was 
some variation m the different preparations tested Occasionally, 
24 hour samples gave a t}'pical increase m phage titre when added to 
phage, other suspensions completely lost their activity m 24 hours 
3 Rate of Reaction between Activated Bacteria and Phage — ^Suspen- 
sions of activated orgamsms were added to phage and samples were 
removed for titration at brief intervals m order to determine the time 
required for the typical mcrease in phage titre In all cases the fid! 


TABLE v 


Duration of Activation of Staphylococci after Growth in Oxygenated Medium 
5 X 10® activated cells/ml stored m Locke’s solution pH 7 4 at 5° C 4 ml 
samples removed at mtervals and tested by adding to them 1 ml of phage con- 
taining 1 X 10® P U /ml Mixture kept at 5° C for 5 min and then titrated 


Preparation 


Total phage formed when activated cells added to phage after storage for 


1 

Ohr 1 

Ihr 

2 hrs 

4 hrs 

24 hrs 

1 

3 X 10» 

3 1 X 10’ 

2 8 X 10’ 

3 3 X 10’ ) 

9 6 X 10» 

2 

2 2 X 10’ 

2 2 X 10’ 

2 2 X 10’ 

2 2 X 10’ 

3 X 10« 

3 

2 0 X 10’ 

2 0 X 10’ 

2 3 X 10’ 

2 0 X 10’ 

2 6 X 10> 

4 

3 1 X 10’ 

2 X 10’ 

1 

2 8 X 10’ 

2 8 X 10’ 

2 0 X 10’ 


mcrease in titre was observed after the phage had been in contact 
with the orgamsms for 1 to 2 mmutes (Table VI) 

4 The Role of Broth and Oxygen in Activation of Bacteria — ^In order 
to determine whether oxygen and the broth medium were essential 
for activation, three different sets of bacterial suspensions were 
prepared 

A Normal activation mixture with oxygen bubbled through broth 
suspension of bactena 

B Nitrogen mstead of oxygen bubbled through broth suspension 
of bacteria 

C Oxygen bubbled through Locke’s suspension of bacteria 

It was found that very httle activation was produced by mtrogen 
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bubbled through broth suspensions of staphylococci, oxygen bubbled 
through Xocke’s solution suspensions of staphylococci produced no 
measurable activation (Table Vll) 

TABLE VI 

Rate of Phage Formation by Activated Staphylococci 
16 ml of a suspension of activated staphylococci m Locke s solution containing 
5 X 10® bactena/ml •were added to 4 ml of phage diluted in Locke’s solution 
to contain 1 X 10® PU /ml Temperatures® C IPhage] -*2X10* Samples 
were removed at intervals for titration of total tphage] 


Time klter mixing ph«ge 
wdbxcleila 

PreperttloQ t 
(phage] 

Treptmtlon 2 ] 

Ipfugel 1 

piep&r&tioa 3 
frhagel 

m II 

1 

4 3 X 10* 

2 0 X 10* 

3 4 X 10* 

2 

2 0 X 10* 

2 5 X 10* 

6 7 X 10’ 

3 

2 2 X 10’ 

2 4 X 10’ 

6 7 X 10* 

4 

2 2 X 10* 

2 5 X 10’ 

6 9 X 10* 

5 

2 0 X 10* 

2 5 X 10’ 

6 6 X 10* 

10 

2 0 X 10* 

2 5 X 10’ 

6 6 X 10* 

20 

2 0 X 10* 

2 5 X 10’ 

6 7 X 10* 

30 

2 Q X 10* 

2 5 X 10’ 

6 6 X 10* 


TABLE VU 

Oxygen and Broth in Activation of Staphylococci 
Regular activation procedure earned out as described m Table I (column b 
below) In columns (c) and (d) are listed respectively activation values obtained 
with N» replaang Oj with Locke’s solution rcplaang broth Column (o) lists 
the values obtained wub an untreated IS hour agar culture suspended in Locke’s 
solution 


t?hagel formed ifler xnixlnK 1 ml of phige U X 10® 1> U /ml ) trflh 4 ml b»clert»l 


Ptepan 1 
tlon No 

« I”) 

Bacterial control 
Locke t tuspensloa 

18 hix. agar growth 

(h) 

G owlbioOrbroth 
cells Tcstupeoded ia 
Locke 9 solution 

, (0 

1 Cr wth In N»*brotb 
cells rnuspend^ 
in Lockt s toluUoa 

Growth In^i-Lockc s 
soiaCfoa cells 
tesuipcndcd In f esh 

1 liocke a solutioa 

I 

2 3 X 10* 

5 X 10’ 

5 9 X 10* 

1 2 1 X 10* 

2 

1 S X 10* 1 

2 1 X 10’ 

3 2 X 10* 

1 2 0 X 10* 

3 

1 9 X 10* 

4 6 X 10’ 

2 5 X 10* 1 

1 7 X 10* 


5 Effect of pB during and after Activation of Bacteria —The activa 
tion process was carried out m broth of various hydrogen ion concen- 
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trations ranging from pH 5 to pH 9 The organisms were then tested 
for activation by addmg bactenophage at pH 7 4 No veiy^ significant 
differences were observed over the range studied although the mix- 
tures prepared from orgamsms activated on the acid side of neutrahty 
produced shghtly higher phage titres (Table \TII) 

The effect of hydrogen and hj'droxyl ions on suspensions activated 
at pH 7 4 was tested by adjustmg the pH of ahquots to vanous values 
and holding the suspensions for 1 hour at 5°C An ahquot of each 


TABLE vm 

E_ffeci oj pH on Acitvalton 

Activation with O: earned out by standard procedure (Table I) except pH of 
broth adjusted with aad or base to vanous pH’s After activation bactena 
centrifuged down and resuspended in Locke’s solution pH 7 4 4 ml of each 

bactenal suspension added to 1 ml phage diluted with Locke’s solution to contain 
1 X 10® P U /ml Mixture kept at 5° C 5 nun and titrated 


[PhageJ. = 2 X 10« P U /ml 


Eipemnent 1 


Experiment 2 


Eiperjment 3 


pH of 
fixU'eation 


A tphage] 
final {pbagel- 
initial [phage] 

(Piasefenal 

imUal [phage] 

[Pbagelfinal 

A [phage] 
final jphagej- 
isitial [phage] 

5 

08 1 

4 

8 

X 

10> 1 

4 

6 

X 

10’ 

4 

2 

X 

10’ 

4 

0 

X 

10’ 

2 

9 

X 

10’ 

2 

7 

X 

10’ 

5 

55 

4 

6 

X 

10’ 

4 

4 

X 

10’ 

4 

2 

X 

10’ 

4 

0 

X 

10’ 

2 

8 

X 

10’ 

2 

6 

X 

10’ 

5 

91 

4 

8 

X 

10’ 

4 

6 

X 

10’ 

3 

8 

X 

10’ 

3 

6 

X 

10’ 

2 

9 

X 

10’ 

2 

7 

X 

10’ 

6 

65 

6 

0 

X 

10’ 

5 

8 

X 

10’ 

3 

1 

X 

10’ 

2 

9 

X 

10’ 

1 

5 

X 

10’ j 

1 

3 

X 

10’ 

/ 

02 

6 

0 

X 

10’ 

5 

8 

X 

10’ 

3 

0 

X 

10’ 

2 

8 

X 

10’ 

2 

0 

X 

10’ 

1 

8 

X 

10’ 

7 

44 j 

4 

1 

X 

10’ 

3 

9 

X 

10’ 

3 

0 

X 

10’ 

2 

8 

X 

10’ 

2 

1 

X 

10’ 

1 

9 

X 

10’ 

8 

15 

4 

1 

X 

10’ 

3 

9 

X 

10’ 

2 

8 

X 

10’ 

2 

6 

X 

10’ 

1 

8 

X 

10’ 

1 

6 

X 

10’ 

8 

40 

i 3 

4 

X 

10’ 

3 

2 

X 

10’ 

2 

3 

X 

10’ 

2 

1 

X 

10’ 

1 

8 

X 

10’ 

1 

6 

X 

10’ 

9 

00 

! 5 

6 

X 

10’ j 

' 3 

4 

X 

10’ 

1 

9 

X 

10’ 

1 

7 

X 

10’ 

I 

4 

X 

10’ 

I 

2 

X 

10’ 


suspension was then added to phage and the mixture titrated As 
noted in Table IX the alkahne mixtures titrated somewhat lower 
than those exposed to moderate H+ ion concentrations 

6 InJnbiUon of Precursor-Phage Reachon by Anhsenan — Eabbits 
vs ere mjected repeatedly with nonactivated hve stapbylococa and 
with activated staphylococci The imtial doses used were small and 
mjections were given three tunes a week using constantly increasing 
numbers of organisms The serum of these ammals and that of normal 
rabbits was tested for antibodies active against the phage precursor 
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All three sera produced no inactivation when maed with phage and 
subsequently titrated Likewise none of the sera had a demonstrable 
bactericidal effect on normal or activated bactcna However, it was 
found that the antiserum against activated bacteria and that produced 
agamst normal hving staphylococci when mixed with activated or- 
ganisms prevented the increase in Iphage] usually observed upon the 
addition of phage to the activated organisms This inhibitmg effect 
could be demonstrated up to a 1/20 dilution of both sera Normal 

TABtE DC 

Effect of Storage at Vanons pQ*s on Activated Cells 
Activation earned out by standard method (Table I) Cells centrifuged down 
and resuspended in broth of various pH’s Suspensions kept at 5 C 1 hr 
4 ml of each suspension added to 1 ml of phage diluted in Locke's solution to 
contain! XIO’P 13 ynd MututeVeptnlS” C Smin and titrated IPhagel — 
2 X 10»PU/ml 


pH o( buUrial 
cospcBSoa fat t hr 
t(t«r 

tcUvatioa at pH 7^ 

Exp«nneat 1 j 

Experunent 2 


lailUilpbtpt) 


SiStell 

laitul [phage] 

5 03 

3 S X 10* 

3 3 X 10* 

4 2 X 10’ 

4 0 X 10* 

5 35 ] 

3 7 X 10* 

3 5 X 10* 

4 2 X 10* 

4 0 X 10’ 

5 91 1 

3 7 X 10’ 

3 5 X 10* 

4 0 X 10’ 

4 0 X 10’ 

6 65 ' 

3 1 X 10* 

2 9 X 10* 

3 7 X 10’ 

3 5 X 10* 

7 02 

2 0 X 10’ 

1 8 X 10’ { 

3 7 X 10* 

3 5 X 10’ 

7 44 

1 9 X 10* 1 

1 7 X 10* 1 

3 7 X 10* 

3 5 X 10* 

8 15 

1 9 X 10* 

1 7 X 10* ' 

3 2 X 10’ 

3 0 X 10* 


1 8 X 10* 

1 6 X 10* 

3 2 X 10’ 

3 0 X 10* 


1 8 X 10* 

1 6 X 10* 

2 1 X 10’ 

1 9 X 10* 


rabbit serum did not prevent the reaction between activated cells 
and phage (Table X) 

It IS known that antibacterial sera readily form deposits on the 
surface of homologous organisms and it may well be that this surface 
film prevents the access of phage to the precursor contaimng portions 
of the activated cells The data cannot very well be interpreted for 
or against the existence of the precursor as a distmct antigenic com 
ponent 

7 Beat Inacltvalton of Phage Precursor — In experiments reported 
elsewhere (IS) the rate of heat mactivation of phage precursor was 
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determined at several different temperatures It was necessary to 
carefully control the time and temperature during heat inactivation 
of intracellular precursor so that no bacterial deaths would occur If 
any appreciable number of cells died during the experiment they 
would adsorb phage irreversibly (2) when the latter was added to 
the suspension as a test for presence of precursor The adsorbed 
phage would not participate m the titration reaction and the result 
would be an artificially reduced end titre giving false evidence for 
the inactivation of phage precursor 

TABLE X 

Iiihtbilion of the Preenrsor-Phage Reaction by Antiserum 
Antisera prepared by injecting rabbits with live activated and nonactivated 
staphylococci 1 ml of serum dilution added to 1 ml activated bacteria (1 X 10° 
cells/ml in Locke's solution) pH 7 4 After 1 hr at 5° C each mixture was 
added to 1 ml of phage diluted in Locke's solution to 1 X 10° P U /ml This 
was kept 5 min at 5° C and was promptly titrated Control experiments 
showed that the three sera had no bactericidal properties under the conditions 
of the experiment nor did they have any direct action on phage alone 


Serum dilutions used 

1 

Activated bacteria treated with scrum 

2 ml bacterial suspension added to 1 ml phage fl X 10’ P U /ml ) 
(PbageJ* m all cases 3 3 X 108 T U /ml 

Total [phagel formed 
from suspension treated 
with anti activated 
bacteria serum 

Total [phage] formed 
from suspension treated 
with anti nonactivated 

I bacteria serum 

Total [phage] formed 
from suspension treated 
Tvjth norma) rabbit 
scrum 

1/2 

1 2 3 X 108 

1 3 0 X 10* 

2 9 X 10® 

1/10 

1 3 1 X 10* 

[ 3 8 X 108 

2 9 X 10® 

1/20 

3 1 X 108 

3 1 X 10» 

3 8 X 10® 

1/40 

3 9 X 108 

i 3 8 X 10® 

3 9 X 10® 

No serum 

3 9 X 10’ 

3 9 X 10® 

3 9 X 10® 


The critical thermal increment for the heat inactivation reaction 
was found to be about 90,000 Since figures of this magnitude are 
uniquely characteristic of protein denaturation reactions in general 
it would seem likely either that phage precursor is a protein or that 
the synthetic system which produces precursor contains a protein as 
an essential component However, this does not exclude another pos- 
sibihty, namely, that the ingh temperature coefiicient apphes to heat 
mduced changes in some entirely separate protein constituent of the 
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cell which when denatured maj alter permeability conditions with 
the result that phage no longer has access to the precursor 
S Quanitialm Relationships — Various concentrations of activated 
staphylococa were made in Locke's solution To 4 ml amounts of 
each bacterial suspension 1 ml aliquots of different phage concentra 
tions were added The phage was run into the bacterial suspension 
drop by drop with constant stirrmg The time of mixing was 1 
rranute after which the mixture was stirred for another minute 
After standing for 4 mmutes at S^C the preparations were imme- 
diately diluted for titration 

With [phagejo constant as [bacteria]„ increases the total [phage] 
rises to a maximal limitmg value beyond which no further yield of 
phage IS obtamed VTien the initial concentrations of phage are low 
the maximal values are reached with relatively small numbers of 
bacteria, with greater [phage]« more bacteria are needed for the pro 
duction of the maximal vield of phage As would be expected with 
large initial phage concentrations and very small numbers of bacteria 
there is no detectable increase in [phage] concentration 
A detailed account of the quantitative relationships obtainmg 
between activated cells and phage will be published elsewhere 

DISCUSSION 

The approaches to the problem of bacteriophagy have been beset 
by constant differences of opinion regarding the mterpretation of 
experimental facts as well as by difficulties in establishing the facts 
themselves Probably more divergent views have been developed on 
the nature of phage and the mechamsm of its formation than for any 
other pomt in the phenomenon According to d’Hcrelle phage is an 
autonomous living parasite which mvades the body of the bactenum 
and once mside reproduces, synthesizing its substance from material 
available withm the cell Not all investigators have accepted 
d’Herelle’s concept, many have agreed with Bordet (8) that phage 
probably is a by product of cellular metabohsm and this view was 
strengthened by experimental evidence linking phage production with 
bactenal growth (12) It is undoubtedly true that bactenal growth 
and phage production go hand in hand under ordmary conditions but 
It IS equally true that the two reactions may be separated Krueger 
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and Fong (7) have shown that the pH and temperature optima for 
cellular reproduction and phage formation differ, in the present paper 
the evidence for phage production by activated cells m the absence 
of bacterial growth is summarized Northrop also has obtained ex- 
perimental results which can be mterpreted in no other way (16) 

If phage formation is an intrinsic part of the cell’s metabolic ac- 
tivities a possible mechanism would entail the elaboration of an 
inactive precursor within the cell and its subsequent transformation 
into active phage An ideal proof of this mechanism would be the 
isolation of the precursor in cell-free solution and the experunental 
demonstration that the precursor-phage reaction could be earned 
out in the total absence of the mother cell Krueger and Baldwin 
(9) found that the addition of phage to ultrafiltrates of growing 
staphylococcus cultures resulted in a 100 per cent increase in phage 
titre However, the results were irregular and it was not possible 
to get promising amounts of the phage-forming material Later 
Krueger and Mundell (10) demonstrated that staphylococci grown 
in an oxygenated medium and subsequently stored at 5°C m Locke’s 
solution would increase [phage] 500 per cent withm 2 minutes after 
phage was added to the cells It was shown first, that the reaction 
took place in the complete absence of bacterial growth and second, 
that the increase in titre did not depend upon any anomalous influence 
on the titration system 

The results with the activated staphylococci were mterpreted in 
terms of the precursor theory but m the absence of deasive data no 
attempt was made to decide whether the precursor-phage reaction 
mvolved the hydrolytic cleavage of a complex protein pro-phage or 
whether it was concerned with the catalytic completion of a cellular 
synthesis Whatever may be the case experunental data show that 
cells which have been brought to a restmg state by storage m Locke’s 
solution at after havmg undergone a period of active metabohsm 
contam some component which reacts rapidly with phage to form 
more phage Live restmg cells that have not undergone the prepara- 
tive period of mcreased metabohe activity do not increase [phage] 
when brought m contact with phage solutions The precursor theory 
is compatible with the following experimental facts 

1 The reaction between activated cells and phage is completed 
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Within 2 minutes after mixing the reactants This, of course, docs not 
rule out the possibihty that the mechamsm proceeds as d’Herelle 
pictured it but it is bard to see how a living parasite could bore its 
way into the interior of the cell, synthesize its own substance, and 
reproduce within such a short time 

2 The serial dilution expenment together with the control expeti- 
ments cited in this paper obviate the objection that the reaction re- 
ported may involve anomalous effects on the titration system In the 
serial dilution expenment it has been found feasible to mix relatively 
high concentrations of manganese treated bactena with sufficient 
phage to cause lysis without growth The manganous ion depresses 
the lytic threshold and permits the use of suffiaent cells so that the 
phage formed by the reaction between the activated cells and the 
added phage furnishes a measurable increment in [phage] The newly 
formed phage is set free by cellular lysis and the reaction may be 
earned on m senes, dilutmg the phage each tune and adding fresh 
ahquots of activated cells In these expenments the time elapsing 
is not concerned with phage produebon which takes place within 
2 mmutes but rather with the lytic process 

3 Activated staphylococci can be deprived of their phage aug 
menting capaaty by heat treatment without causing cell death 
After 20 minutes at 45°C activated cells cease to enhance [phage] 
when added to phage, at S0°C 2J mmutes are required to brmg about 
the same result Dunng the appbcation of heat for the penods noted 
there are no significant numbers of cell deaths The rates of heat 
inactivation follow the curve of a monomolecular reaction and show 
a very high temperature coefiicient The critical thermal mcrement 
15 90,000 and is of the order of magmtude charactenstic of protein 
denaturation reactions m general It is probable, therefore, that the 
phage augmentmg fraction of the activated cells either is a protein 
or that it contams a protein However, another interpretation is not 
excluded for it is conceivable that as the ceUs are heated some entirely 
unrelated protein is denatured and that its denaturation alters 
cellular permeability preventing the access of phage to the cell 

4 The quantitative relationships outhned above are compatible 
ivith the precursor theory providing two assumptions are made (A) 
That each activated cell contams a certam amount of precursor and 
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(B) That the phage formed remams attached to the cells Under 
the conditions of our experiments only traces of phage can be demon- 
strated in the suspending fluid 

Startmg with a small amount of phage the addition of a moderate 
number of activated staphylococci produces a measurable increase m 
[phage] As [bacteriajo is mcreased the total phage formed rises, 
finally attaming a maximal hmiting value beyond which the addition 
of more cells ceases to have an effect With higher values of [phage], 
the same general result is forthcoming except that the limiting plateau 
IS shifted to the region of higher initial bacterial concentrations 
With very high [phage], the smaller concentrations of activated cells 
produce no detectable increase m [phage] because the phage formed is 
neghgible compared to the phage added 

The reaction occurrmg when phage is added to activated bacteria 
cells represents only one phase of the complex phenomenon of bac- 
teriophagy It shows that a bacterial cell prepared by a period of 
active metabolism is capable of reactmg very rapidly with phage to 
form more phage, it does not tell how the newly formed phage is 
released to react with more bacteria Strong evidence for d’Herelle’s 
concept that cellular lysis is an essential part of phage formation 
has been advanced recently by Ellis and Delbruck (17) Working 
with a stram of B coh and a coh phage they found that the curve 
of phage increase was not strictly logarithmic with tune but con- 
sisted of a series of plateaus connected by rather sharp slopes Ac- 
cordmg to their interpretation phage is produced within the cell 
and IS set free by the lytic destruction of the organism, the plateaus 
of the phage production curve cover the phase of adsorption and 
phage production within the cell, the steep portions coincide with the 
setting-free of intracellular phage by lysis For determmmg [phage] 
in their experiments they used the plaque count method, a procedure 
which gives a measure of the number of infected centers but does not 
estimate the total phage (? e , a single phage-contaimng bacterium 
will produce one plaque whether it contains 1 or 100 activity units) 
The curve of phage increase is therefore the resultant of three re- 
lated but not identical reactions, namely, the adsorption of phage, 
the mtracellular production of phage, and the lytic destruction of the 
infected cell It exqiresses the rate of infection of a bacterial popula- 
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tion, -which rate is dependent upon the speed of phage adsorption, 
the speed of phage formation, and the time required for the infected 
cell to burst Our present data indicate that the first two of these 
reactions take place very quickly under the conditions outlined Al- 
though It IS not possible to apply these findings directly to the process 
of bacteriophagy takmg place under normal conditions, they are not 
incompatible with the results of Ellis and DelbrlicL They supply no 
evidence for the mechanism of phage transference from an infected 
cell to an uninfected one 

EXPERIMENTAL METHODS 

1 Both the staphylococcus and anti staphylococcus bacteriophage used are 
the ones described m previous papers (1) In preparing the staphylococcus 
suspensions for daily use the organisms were grown on nutrient agar made with 
infusion broth, 1 per cent neopeptone and containing 2 5 per cent agar The 
incubation penod was 18 hours at 37* C after which the growth was harvested 
in Lockes solution and was washed once in Locke’s solution before using The 
cell concentration was determined by the centrifuged sediment method (18) 
The broth used was standard beef infusion containing 1 per cent Difco neopeptone 
0 5 per cent sodium chlonde, and was adjusted to pH 7 4 

2 Phage litres were determined by the acUvity method of Krueger (2) The 
activity unit is the smallest amount of phage which w lU cause lysis when added to a 
certam number of susceptible cells imder standard conditions Our standard 
phage contains 1 X 10'° activity units/ml In practice three successive tenfold 
dilutions of each unknown were titrated 

3 For the preparation of activated cell suspension the washed staphylococci 
were suspended m broth in a concentration of 5 X 10’ bactena/ml The broth 
suspension was placed m a glass container arranged so that oxygen could be bub 
bled through the broth while the mixture was being shaken in a water bath 
adjusted to 36® C After 1 hour of shaking the cell suspension was diluted with 
an equal volume of broth and the oxygen treatment was continued for another 
hour at 36 C The cells were then centrifuged down and were resuspended m 
Locke s solution at pH 7 4 The suspension was kept at 5 C for 2 hours before 
using 

4 In testmg the serum prepared against nonactivated staphylococa and 
activated staphylococa 1 ml of each serum dilution was mixed with 1 ml of a 
suspension of activated organisms contammg I X 10® bactena/ml in Locke $ 
solution at pH 7 4 The mixtures were kept at 5* C for 1 hour after which 
1 ml of phage diluted m Locke s solution to 1 X 10’ P U /ml w*as added The 
mixture was kept an additional 5 rmnutes at 5 C and was then titrated Con 
trols included the same procedure earned out with normal rabbit serum and 
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tests for antiphage and bactenadal activity None of the sera showed any 
significant capaaty to inactivate phage or to kill staphylococa 

SUMMARY AND CONCLUSIONS 

1 Staphylococa activated by rapid growth m the presence of 
excess O 2 and subsequently brought to a resting state by storage in 
Locke’s solution at 5°C produce a significant rise in [phage] when 
added to phage-containing solutions 

2 For satisfactory activation the staphylococci require a penod of 
active growth in the presence of oxygen Activation proceeds best 
on the acid side of neutrahty although vanation in pH from 5 to 9 
has relatively little effect Activated cells retain their phage-aug- 
menting property for from 4 to 24 hours, and this property may be 
destroyed by heating the cells at temperatures which do not kill them 
The cntical thermal increment for heat inactivation is 90,000 sug- 
gesting that the reaction involves protein denaturation 

3 The reaction betv/een activated cells and phage has the follow- 
ing characteristics 

A It is complete in 1 to 2 minutes after mixing the reactants 

B The increase in phage does not depend upon bacterial grov«^th 
nor does it involve any untoward effect on the titration system 

C Serum prepared by injecting rabbits vath normal live staphylo- 
cocci or with activated staphylococa when mixed with activated 
cells before the addition of phage will prevent the customary increase 
in [phage] 

4 The phage-produemg reaction which follows the addition of 
activated cells to phage can be interpreted in terms of the precursor 
theory It is likely that the precursor either is a protein or contains 
a protein as an essential component 

5 There is no v/ay of deading at present whether the reaction 
betv/een phage and precursor represents the hydrolytic cleavage of a 
protein or v/hether it is the final step m a synthesis catalyzed by 
phage 

We ivish to express our thanks to Robert Brown for helpful tech- 
nical assistance 
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Many studies of the kinetics of enzyme action as a function of 
temperature have been made The older work (for reference cf 
Haldane, 1930, Tauber, 1937) mdicates that while the velocity of an 
enzyme cataljzed reaction increases with nse in temperature, up to 
the inactivation temperature of the enzyme, this change m rate is not 
an exponential function of the absolute temperature It has been 
pointed out by Bodansky (1937), however, that in many cases the 
veloaty constants for enzyme reactions have been improperly com 
puted Certain recent work, on the other hand, (Crozier, 1924, 
Craig, 1936, Sizer, 1937, 1938 a, b, Gould and Sizer, 1938) indicates 
that tor the fat oxidase from Ltipmns albus, for yeast mvertase either 
partiallj purified or present in the living cells, and for the anaerobic 
dehydrogenase system of £ call, the reaction veloaty increases ex 
ponentially with temperature according to the Arrhenius equation 

K - re-'"”' 

where K is the rate of the reaction, s is a constant, e is 2 718, R is the 
gas constant, T is the absolute temperature, and ii represents the 
energy of activation of the reaction in calories per gram molecule 
The n value is constant over a wide range of temperature until an 
inaclimtion temperature is reached, it is charactenstic of the speafic 
enzyme used, but is independent of the substrate employed and is not 
mfluenced by the conditions under which the reaction is carried out 
(Sizer, 1937, 1938 a), and is the same whether the enzyme is active 

* Coatxibutiou No 151 from the Bepaitment of Biology and Public Health 
Massachusetts Institute of Technology, Cambndge 
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inside the cell or extracted from the cell (Sizer, 1938 b) A particular 
critical mcrement might not characterize a single enzyme under all 
environmental conditions, because the conditions for activation of 
participatmg groups of the enzyme may be altered in such ways that 
one or another of several characteristic values could be secured 

No studies of the temperature activation of enzyme systems as a 
function of the purity of the enzyme have been made If it were 
demonstrated that the temperature characteristic of an enzyme system 
varied with the purity of the enzyme, it would no longer be possible 
to say that a single /x value characterizes a given enzyme system In 
this investigation a study has been made of the relationship between 
enzyme purity and the temperature characteristic of the urease-urea 
system in the presence of a variety of salts, especially those active in 
oxidation-reduction phenomena The following urease preparations 
were used an aqueous extract of jack bean meal, commercial urease 
(Arlco), and crystalline urease prepared according to the methods of 
Sumner (1926, Sumner and Hand, 1928) 

EXPERIMENTAL 

Enzyme Preparahons 

(а) Jack Bean Meal Urease — 30 gm Arlco jack bean meal were suspended in 
0 068 M sulfite (0 6363 per cent NajSOj and 0 1416 per cent NaHSOs) and filtered 
The filtrate was diluted with 0 068 M sulfite until a solution with the proper 
activity was obtained 

(б) Commercial Urease {Arlco) — A stable glycerol suspension was prepared 
according to the method of Koch (1937) Other preparations of Arlco urease 
were suspensions (either after filtering or without filtering) m water or sulfite 
(0 068 M was always used) As will appear later, it made considerable difference 
in the case of the sulfite solution whether the dry urease powder was added to a 
sulfite solution directly, or to water to w'hich sulfite was added subsequently 

(c) Purified Commercial Urease —Arlco urease w-as purified according to the 
methods of Sumner for prepanng crystalline urease, and was reprecipitated once, 
but the product did not appear crystalline 

(d) Cryslalltne —Sumner’s method for preparing crystalhne urease 

from jack bean meal was followed closely The meal was suspended in 32 per 
cent acetone and filtered in the refrigerator The crystals w’hich separated 
overnight in the filtrate were centrifuged free of the fluid, washed with 32 per 
cent acetone, and centnfuged again The urease was recrystaUized by dis- 
solving the crystals in a small volume of water, the solution was centnfuged free 
of insoluble material, and made up to 32 per cent w ith acetone FmaUy, a few 
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drops of phosphate buffer, pH 60, were added slowly The crystals -which 
formed were separated by centnfugation Five separate batches of crystalline 
urease were prepared In preparing the last two, 300 gm of meal were used 
instead of the customary 100 gm In the case of preparations 3 and 4, urease 
fractions which bad not been recrystallized were used in addition to the fraction 
which was once recrystalhzed Preparation 5 v. as not lecrystalhzed 

The activities of the crystalline urease preparations were not as high as those 
recorded by Sumner (100,000 to 130,000 units) ranging from about 1,000 to 
55,000 units per gram The lower activities may be attributed to the fact that 
high urease activities are recorded only when extremely concentrated urease 
solutions are used, hut m these experiments only dilute urease solutions were 
suitable for use It is also very liLcly that shght traces of metal impurities may 
have caused a shght inactivation or denaturation of the urease 

LsitmalioA of Urease Acit\nty 

A solution was prepared which contained 3 per cent urea, 5 4 per cent Na2HP04, 
and 4 25 per cent KH1PO4 and preserved with a few drops of toluene 5 ml urea 
phosphate were added to 5 ml urease solution after both solutions were adapted 
to the temperature of the water bath At successive intervals 1 ml samples 
were removed from the digest and added to 1 ml normal HCl The solution was 
diluted to about 75 ml to which were added 10 ml Kessler’s solution, and U was 
finally diluted to 100 ml The solution was then compared in a colorimeter with 
a standard (NH4)tS04 solution treated m a similar manner contammg 0 4 mg 
nitrogen (only 0 2 mg when the urease was very inactive) and also contammg 
urea and phosphate so that the colors to be matched would be similar In order 
to compensate for the fact that the weight of digest m the pipette vanes sh^tly 
With the temperature of the digest, the standard was also adjusted to the tempera 
ture of the water bath Thus the weight of digest and of standard were com 
parable at all temperatures The temperature of the water hath was controlled 
to ± 0 05 C 

The solution was buffered with phosphate to pH 7 0 with the result that the 
alkalinity did not mcrease by more than 0 1 pH umt dunng the reaction The 
hydrolysis w as usually tenmnated after 0 S mg ammonia nitrogen had been 
hberated At each temperature the ammoma nitrogen was measured at seven 
different time intervals which elapsed before the 0 5 mg ammonia nitrogen had 
been liberated 

Since both crude and crystallme urease decompose rather rapidlj in w ater, a 
stabihzer was usually added For this purpose a glycerol extract (c/ Koch, 1937) 
was used for crude urease, and a mixture of NajSOa and NaHSOa for crystalline 
urease (Sumner and Bounce, 1937) When it was discovered that the stabihzer 
might play an active r61e m determinmg the effects of temperature upon the 
reaction, a number of other compounds were substituted, among these were KCN, 
KajSjOa CaCli cystine cysteine HCl KaiS04 KaFe(CK)6, K4Fe(CN)s, H2O2 
FeClj I sodium lodoacetate CujO and quinone ^ 
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RESULTS 

The kinetics of urea hydrolysis catalyzed by urease have been 
analyzed by several workers (Van Slyke and Cullen, 1914, Lovgren, 
1921), but there is no general agreement concernmg the course followed 
by the reaction Many believe that it is unimolecular for at least a 
part of the time In this study determinations were made during only 
the first ‘Jiart of hydrolysis, since in most enzyme reactions this is the 
most significant part (Haldane, 1930, Nelson, 1933) For all the 
enzyme preparations both crude and crystalline, m the presence of a 
variety of salts, and at all temperatures, the rate of liberation of 
ammonia nitrogen did not vary with time (Fig 1) This in general 
held true until 0 6-1 0 mg nitrogen had been liberated The rate of 
ammonia liberation remains constant for a greater or lesser proportion 
of the hydrolysis, depending upon the particular preparation used and 
upon the temperature, the constant rate is often of greater duration 
at higher temperatures After the linear portion of the reaction the 
hydrolysis usually becomes retarded, although with one urease prepa- 
ration an acceleration occurred 

Scrutiny of Fig 1 indicates that there is no characteristic difference 
in the kmetics of urea deamination catalyzed by crude and by crys- 
talline urease All the experimental data were plotted in the manner 
illustrated and rate of hydrolysis was calculated from the slope of the 
straight line drawn through the plotted points This proved a simple 
and accurate method of determining milligrams of ammonia nitrogen 
liberated per minute, and duplicate runs usually checked within 5 
per cent While the data might have been analyzed equally as well 
according to the unimolecular equation, the method used was much 
simpler 

Temperature Achvahon of Crude Urease — ^The data obtained at 
different temperatures on urea hydrolysis using a jack bean meal 
filtrate suspended in sulfite were plotted and rate of reaction expressed 
as imlligrams NHs nitrogen liberated per minute When log rate is 
plotted against 1/T (Fig 2, curve 1) the points are best fitted by a 
straight line over the temperature range of 0 to 40°C Above the 
latter the points fall off from the curve indicating temperature in- 
activation of the urease The slope of the fine corresponds to an 
energy of activation of 11,700 calories for the urease-urea system A 
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solution of Arlco urease was prepared by dissolving 0 67 gm in 100 
ml sulfite and filtering free from insoluble material An analysis of 



Fig 1 Hydrolysis (as measured bv mg NHa N liberated) of 1 5 per cent 
urea in phosphate buffer, pH 7 0 catalyzed by urease dissolved m a sulfite solu 
tion IS plotted as a function of elapsed time in minutes for several different 
temperatures 

Upper Curves — Obtained using crystaUine urease 2 

Lower Curves — Obtained using the filtrate from a suspension of jack bean 
meal 

the data on urea hydrolysis by this preparation yielded essentially 
similar results (Fig 2, curve 2) Strikingly different results were 
obtained, however, if the Arlco urease was dissolved in a glycerine 




LOG MG NH 



Fig 2 Log rate of NHj liberation from urea catalyzed by crude urease 
plotted against l/T 

1 Jack bean meal filtrate in sulfite solution, fx — 11,700 

2 Arlco urease m sulfite solution, n = 11,700 

3 Arlco urease in glycerine solution, n — 8,700 

4 Arlco urease in water solution, n = 8,700 

4o Arlco urease in water + sulfite, = 11,700, 8,700 

5 Purified Arlco urease m sulfite solution, ft ~ 11,700, 8,700 
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solution (c/ Koch, 1937) (Fig 2, curve 3) or if 0 1 per cent Arico 
urease was dissolved in water (Fig 2, curve 4) The slopes of the 
plotted curves are much less and both correspond to p ■= 8,700 cal 
When sulfite was added to the aqueous solution (Fig 2, curve 4 o) 
the results were distmctly different from those obtamed when Ailco 
urease was added directly to a sulfite solution (Fig 2, curve 2), or 
merely to an aqueous medium (Fig 2, curve 4) A break appears m 
the curve at 25°C , over the temperature range of 0-2S‘’C the slope 
of the straight hne which fits the plotted pomts corresponds to a 
p = 11,700, above 25° p = 8,700 

An attempt was made to prepare crystalline urease from 5 gm of 
Arico urease by Sumner’s method The purified product consisted 
largely of denatured protem, had little activity, and showed no evi 
dence of a ciystallme nature when exammed microscopically The 
punfied urease was dissolved in sulfite and its kinetics studied as a 
function of temperature (Fig 2, curve 5) An analysis of the data 
yielded results identical with those obtained with Arico urease dis- 
solved in water to which sulfite was added subsequently, namely a 
p = 11,700 below 26°C and 8,700 above this temperature Inactiva 
tion did not occur until 65°C was reached 

It IS clear that with crude urease preparations an activation energy 
of 8,700 calories is obtained when the enzyme is dissolved in water or 
a glycenne solution When dissolved in sulfite solution, however, the 
situation IS more complex, under certain conditions a p value of 11,700 
IS obtained over the whole temperature range, while under other con- 
ditions the 11,700 value is obtamed only below 25-26°C , while above 
this critical temperature p = 8,700 It is surprismg to observe that 
the purified urease was mactivated above 6S°C while the crude jack 
bean meal urease lost its activity above 40°C 

Temperature Activation of Crystalline Urease Dissolved in Sulfite 
Solution 

Crystalhne urease preparations 1 and 2 were dissolved in sulfite 
solution and their kinetics studied as a function of temperature (Fig 
3, curves 1 and 2) The results obtamed by making an Arrhenius 
plot of the data on rate of hydrolysis of urea as a function of tempera- 
ture were identical with those procured with highly punfied Arico 
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Fig 3 Log rate of 1^3 formation catalyzed by crystallme urease dissolved 
in sulfite solution plotted against l/F 

1 Crystallme urease 1, = 11,700, 8,700 

2 “ “ 2, = 11,700, 8,700 

3 “ “ 3a, fj. = 11,700, 8,700 

4 “ “3,(1 = 11,700 

5 “ “3 (partially mactivated), = 8,700 

6 “ “ 4a (dissolved first in water then SO3) /i = 11,700 

7 “ “ 4a m sulfite -}- 0 034 11 CaClj, (i = 11,700, 8,700 

8 9 “ “ 4a m sulfite + excess CaClj, fi = 11,700 


IRWIN W SIZER 


727 


urease or Arlco urease dissolved in water to which sulfite was subse 
quently added Straight hues intersecting at 21° best fit the plotted 
points, below this critical temperature p = 11,700, above it is 8,700 
Anomalous results were obtamed with the third preparation of crys 
talhne urease dissolved in sulfite solution Aft = 11,700 was obtamed 
over the whole temperature range (Fig 3, curve 4) S days later 
when the preparation was used once more the urease activity was only 

of the former value White the data obtamed on this partially 
inactivated enzyme were unreliable, there is little doubt that the ji 
value has now completely changed to 8,700 (Fig 3, curve S) The 
fraction of this same crvstallme urease 3 which had not been re 
crystallized (called No 3 a) behaved cvactly hke No 1 and No 2 
with the usual two n values of 1 1 ,700 and 8,700 below and above 22°C 
(Fig 3, curve 3) 

The studies on crystalline urease 4 m sulfite were made on that 
fraction which redissolved in a small volume of water but did not re 
crystallize from solution on adding acetone and phosphate buffer 
(this fraction is referred to as No 4o) A small sample of No 4 a 
stock solution was diluted with sulfite and a fi = 11,700 was obtamed 
over the whole temperature range (Fig 3, curve 6) Another sample 
m sulfite was made up to 0 034 M with CaCh A preapitate of CaSOi 
formed The solution now appeared to exhibit the double ft situation, 
although the data are not very extensive (Fig 3, curve 7) The next 
day a fi = 11,700 prevailed over the whole temperature range (Fig 3, 
curve 8) An addition of more than enough CaCU to preapitate all 
the sulfite caused no further change m the solution (except that the 
activity fell somewhat), although it had stood for 2 days before bemg 
tested agam (Fig 3, curve 9) 

It appears from Fig 3 (curve 6) that it 0 068 ii sulfite solution is 
added to an aqueous solution of crystalline urease the preparation is 
characterized by a fi = 11,700 A studv was made to determine the 
effects of changing the sulfite concentration upon the temperature 
characteristic. The data obtamed using crystalline urease S indicated 
that over the sulfite concentration range from 0 0068 to 0 0306 u 
fi = 8,700, in the range from 0 034 to 0 272 M fi = 11,700 A transi 
tion from one value to the other occurs at a sulfite concentration be- 
tween 0 0306 and 0 034 M 
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In general, it may be stated that when crystalline urease is dissolved 
in a sulfite solution fx values of either 11,700 or 8,700 prevail over the 
whole temperature range, or 11,700 below and 8,700 above the critical 
temperature of 21-23°C Modifications m the urease solution may 
occur which effect a change from one activation energy to the other 

Temperature Achvatwn of Crystalline Urease Dissolved in Salt Solutions 

The preceding experiments on crude and crystalline urease suggest 
that the activation energy of the urease-urea system is determined 
by the configuration of the active groups in the enzyme molecule 
It IS well known that urease contains labile sulfur (Sumner and Poland, 
1933) and that urease is readily inactivated (presumably by the oxida- 
tion of tlie SH to S-S) by oxidizing agents (Hellerman, Perkins, and 
Clark, 1933) As in the case of other enzymes of this type {cf Heller- 
man, 1937) if oxidation has not proceeded too far, the urease may be 
reactivated by the addition of reducing agents Since the activity of 
crystalline urease is normally unaffected or only mildly increased by 
the addition of reducing agents, it appears that normally the urease is 
already in the reduced form One interpretation of these experiments 
on the temperature activation of crude and crystalline urease is that 
when crude urease is dissolved m water or a glycerme solution, the 
urease active grouping is in a reduced state for which an activation 
energy of 8,700 is obtamed, while when either crude or crystalhne 
urease is dissolved in a sulfite solution, the enzyme may be in either 
a reduced form (/u = 8,700) or a partially oxidized form (ju = 11,700) 
depending on the temperature and other conditions The change from 
one to the other is reversible, but never does urease behave kinetically 
as though both reduced and partially oxidized forms were active 
simultaneously at a single temperature and under the same conditions 
This IS evidenced by the fact that there is under no circumstance a 
blendmg of the two ju values, the temperature characteristic is always 
either 8,700 or 11,700, never intermediate between the two 
In order to test the hypothesis that the activation energy is related 
to the configuration of certam active groups in the urease molecule, 
the urease medium was altered m a variety of ways calculated to 
stabilize urease in either its reduced (/z = 8,700) or partially oxidized 
form (ju = 11,700) In all these experiments crystalhne urease 4 
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was used (fraction 4 a is the fraction which redissolved in a small 
portion of water, No 4 ii the fraction which did not redissolve in a little 
water, No 4 c the fraction which was recrj stallized once) The 
urease preparations were dissolved m a small volume of water Sam 
pies of these stock suspensions were diluted in salt solutions so that the 
final solution was 0 068 M in salt The following solutions completely 
mactivated the urease and their effects upon urease kinetics could not 
be measured FeClj, cysteine HCl, CujO (saturated solution), quinone 
(saturated solution), Ij (saturated solution), sodium lodoacetate, 
and H O 2 The inactivatmg action of the cysteme HCl may have 
been due to the unneutralized acid, of lodoacetate due to a trace of 
lodme present A 0 0137 it HjOa solution only partially inactivated 
the urease and so this preparation was used m a kmetic study 
Crystalline urease 4 a dissolved in a KCN solution yielded a p = 
8,700 over the whole temperature range (Fig 4, curve 1) This same 
value was unchanged after an interval of several days Similar re- 
sults were obtained with recrystallized urease 4 c (Fig 4, curve 2) 
In this case, however, the temperature characteristic was not stable 
and changed overnight to 11,700 (Fig 4, curve 3) A p value of 
8,700 was also obtained over the whole temperature range when 
crystalline urease 4 b was dissolved in solutions of the actively re 
duemg agents, NajSjOj (Fig 4, curve 4), and KiFe(CN)i (Fig 4, curve 
8), the mdifferent salt NaiSOt (Fig 4, curve 6), and the very weakly 
omdizing reagent, cystme (Fig 4, curve 5) An attempt was also 
made to study the activity as a function of temperature when crystal 
Ime urease 4 a was dissolved in water This was very difficult since 
crystalhne urease is extremely unstable m water (Sumner cl al , 1938) 
By using three separate preparations, however, and studymg hy- 
drolysis at only two temperatures with each, it was possible to obtain 
data which clearly indicated a p = 8,700 for urease dissolved m water 
(Fig 4, curve 7) 

It appears that when dissolved m indifferent, actively reducing, or 
very mildly oxidizmg solutions, crystalline urease is in a reduced form 
with an activation energy of 8,700 calories per gram mol of urease 
urea complex 

Oxidiiang agents were very difficult to use since most of them com 
pletely inactivated the crystalhne urease Rehable data were ob 
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Fig 4 Log rate of NH 3 formation catalyzed by crystalline urease 4 dissolved 
m a variety of solutions, plotted against \/T IVhen the enzyme is dissolved in 
water or solutions of KCN, NazS^Os, cystine, Na 2 S 04 , or KiFe(CN}(!, y. = 8,700 
In one instance the enzyme dissolved m a KCN solution became slightly in- 
activated, and /X changed from 8,700 to 11,700 When the enzyme was dissolved 
m KsFeCCN)^ or H 2 O 2 , y = 11,700 
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tamed, however, on crystallme urease 4 b dissolved m the active oxi 
dizmg solution of K 3 Fe(CN)t (Fig 4, curve 9) and of HjOj (Fig 4, 
curve 10) The analysis of the data suggests that when the urease is 
partly mactivated by oxidizing agents, the configuration of the urease 
molecule has undergone a change so that now the activation energy of 
the urea urease complex is 11,700 calories 
The activity of crystallme urease was slightly greater m a sulfite 
solution than m water With most of the other reduang reagents the 
activity was about the same or slightly less than m water With the 
oxidizmg solutions the urease activity fell to 1/3 (K 3 Fe(CN)«) or 
1/10 (HjOj) of the original value These results ate consistent with 
those obtamed by others (Hellerman, 1937) 

Temperature Cliaraclensltcs of CryslaUtnc Urease v4s Related to the 
Redox Potential of the Solution 

From the previous sections it is evident that a = 11,700 is m 
general correlated with the presence of oxidizmg agents m the urease 
solution, while a /i = 8,700 is associated with reducmg or indifferent 
agents in the solution If the temperature characteristic of urease is 
determmed by the redox potential of the enzyme solution and not by 
the type of electrolyte present, it should be possible to alter the p. 
value by changmg the oxidation reduction potential This was done 
by using crystalhne urease S dissolved in varying mixtures of KjFe- 
(CN)( and KiFe(CN)! In all cases the total salt concentration was 
0068 ir 

The results obtamed are not as quantitative as could be desired 
because of the fact that urease is very unstable m K!Fe(CN)8 solu 
tions The rates of urea hydrolysis were calculated m the usual way 
and an Arrhemus plot made of the data (Fig 5) The distribution of 
the curves along the ordmate is purely arbitrary When the KjFe 
(CN)i is three or more times as concentrated as KiFe(CN)t a p = 
11,700 IS obtamed When the ratio of the two salts is the same or 
when one was only twice as concentrated as the other = 11,700 below 
and 8,700 above the critical temperature When IC 4 Fe(CN)j is 
three or more times as concentrated as Kjre(CN)« p = 8,700 over 
the whole temperature range 

The oxidation reduction potentials of the urease urea solutions were 
measured with a Beckman pH meter at 26°C usmg a platmum elec- 



7 ig S Log rate of NHs liberation from urea cataly^d by crystallme urease 
;olved m 0 068 M Ks- or K4Fe(CN)6 plotted against l/T 
L K,Fe(CN)6, Ek = +0 61] volt m = 11,700 
) = 3/1. Eh = +0 474 volt, fi = 11,700 

3 K3/K4 = 2/1, Eh = +0 459 volt, m 
, -R- /ir, - 1 Eh = +0 443 volt, m = 11,700, 8,700 

* K S - 1/2 Eb - +0 '■™“ 

7 EUFe(CN)6, Eh = +0 280 volt, m = 8.700 
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tiode A progressive increase in Ei, from +0 280 to +0 611 volt 
accompanies an increase from 0 to 100 per cent in relative to 
K 4 Fe(CN)j It thus appears that ui — Fe(CN)t solutions below 
Ei = 4-0 42 volt a fi = 8,700 is obtained, above Et = +0 46 = 

11,700, and when Ei = +0 42 - +0 46 volt p = 11,700 below a 
critical temperature and 8,700 above that point 
The cntical oxidation reduction potential at which the shift m the 
activation energy of the urease urea system occurs will depend some 
what upon the manner in which -the enzyme solution is prepared and 
also upon the particular compound added to stabilize the potential at 
a given value Thus under the conditions of the experiment the sul 
fite solution was neither strongly reducing nor oxidizing, consequently 
the temperature characteristic was 11,700 or 8,700, or 11,700 and 
8,700 depending upon the enzyme preparation used, the manner in 
which the solution was prepared, the age of the solution, etc For the 
urea phosphate solution Ei = +0 357 volt, this value was not altered 
significantly by addmg an equal volume of urease in such solutions as 
Na SO(, KCN, cystme, glycerol, sulfite, and water, but was markedly 
lowered to +0 28 volt by Nai^Oj and K4Fe(CN)e It was appreci 
ably elevated to +0 460 — i-0 611 volt by adding urease dissolved 
in 0 017 u HiOi or 0 068 m KjFe(CN)B In general it appears that 
when the redox potential of the urease urea phosphate system is 
+0 36 volt or lower the temperature characteristic is 8,700, but when 
the potential is greater than this p is 11,700 At critical potentials 
(as m sulfite solutions) p may be either 8,700 or 11,700, or 11,700 
below and 8,700 above a critical temperature 
If urease exists in two forms at a given redox potential, then an 
Arrhenius plot of the data should give a curve that is concave upward 
Since this is not the case, urease cannot exist in these two forms siroul 
taneously At a fixed hut critical potential it is assumed that urease 
IS in an unstable condition and can be easily shifted from one form to 
the other by shght alterations in the thermodynamic equilibna of the 
system produced by temperature changes or other factors 

Urease Acimly Measured by COi Evolution j4s a Function of 
Temperature 

In the hydrolysis of urea both ammonia and carbon dioxide are 
Uberated The atnmoma is very soluble and is not evolved until the 
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solution has become very alkalme The carbon dioxide, some of 
which IS used to neutralize the ammonia, is fairly soluble m phosphate 
buffer at pH 7 The solution soon becomes saturated, however, and 
CO 2 IS evolved This may be measured manometrically, and has been 
done m carbonate buffer at pH 5 0, by Krebs and Henseleit (1932) 
who used a Warburg manometer 



Fig 6 CO 2 gas (measured m centimeters on the Barcroft differential ma- 
nometer) liberated from urea catalyzed by 0 I per cent Arlco urease in an aerated 
0 068 M sulfite solution, plotted as a function of ekpsed time m minutes The 
pressures have not been corrected for temperature differences 1cm == 26 c mm 
gas 

As was the case m the determmation an equal volume of urease 
solution was added to the urea-phosphate at pH 7 0 2 ml of each 

were placed m the flask of the Barcroft differential manometer, and 
adapted to the temperature of the water bath Manometer readmgs 
were taken at successive intervals after closing the stopcocks The 
control flask contained 4 ml distiUed vater In all experiments the 
enz}mie solution v as 0 1 per cent Arlco urease A pressure change of 
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1 miA on the manometer corresponds to a change m "volume of 2 6 
c mm Smce all the determinations m a given senes of temperatures 
were made "Within a period of 3-4 hours^ no correction was made for 



Fig 7 Log rate of COj evolution from urea catalyzed by 0 1 per cent Arlco 
urease plotted against \JT duplicate experunent earned out in another 
manometer 

1 Urease dissolved m 0 06S u sulfite /i U,700 

2 Same solution after aeration for 2 days •= 11 700 below and 8,700 
above 22 C 

3 Urease dissolved m water p 8,700 

« 

the shght variations in atmospheric pressure -which may have occurred 
durmg that tune 

In Tig 6 are plotted the data on CO: evolution as a function of 
time, in mmutes The enzyme solution was urease dissolved in 0 068 
M sulfite aerated for 2 days before using At all temperatures the 




TEMPERATURE ACTH^ATION OF UREASE-UREA SYSTEM 


CO2 liberated is a bnear function of tune, as was the case for NS3 
production Rate of evolution was calculated from the slopes of the 
lines and was multiplied by a factor which corrected for the fact that 
the gas evolved was measured at different temperatures When log 
corrected rate is plotted agamst 1/T the points fall along two straight 
lines intersectmg at 22°C (Fig 7, curve 2) The slope of the lower 
line corresponds to a = 11,700, for the upper jj, = 8,700 For this 
same enzyme solution before aeration, the ju value is 11,700 over the 
whole temperature range (Fig 7, curve 1) With 0 1 per cent Arlco 
urease dissolved in water the data correspond to a ju — 8,700 over the 
whole temperature range (Fig 7, curve 3) Similar results were 
obtained when other substances were added to the enzyme solution, 
the temperature characteristic was either 8,700 or 11,700, or 11,700 
below and 8,700 above a critical temperature It is clear that the 
analysis of the data as a function of temperature is the same whether 
urea hydrolysis is followed colorimetncaliy measurmg NH3 production, 
or gasometrically measuring CO2 evolution 

DISCUSSION 

The classical work on urease activity as a function of temperature 
was performed by Van Slykc and Cullen (1914) using soy bean meal, 
they followed the hydrolysis by distilling off the ammonia and titratmg 
with acid From their data Euler (1920) calculated a /u = 20,800 for 
urease from a ^10 = 3 in the temperature range from 30-40°C 
This is the value often quoted in text-books Calculations made 
from the original data, however, indicate a constant ~ 11,700 be- 
tween 10 and 50°C In a later book Euler (1922) recalculated the 
same data and obtained a Qio of 1 91 and a ja of roughly 12,000 
Observations by Euler and Brandtmg (1919) on the activity of urease 
in the temperature range from 30-40°C yield a Qio of 1 92 corre- 
sponding to the same jn value It seems very significant that the p 
value for soy bean urease is identical -with one of the two values as- 
sociated with jack bean urease 

The phenomenon of a sharp break ivith one temperature charac- 
teristic above and another below a cntical temperature when log rate 
is plotted against 1/T is common when physiological phenomena are 
mvolved (c/ Hoagland, 1936, Sizer, 1936) This sudden change in 
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temperature characteristic is usually explained by assuming that a 
change has occurred in the pace maker for the catenary reactions con 
trolling rate (Crozier, 1924) Thus, in a study of sucrose mversion 
by bakers’ yeast, when a break was obtained with two different p 
X alues above and below a critical temperature, it was assumed that 
there exist m veast two entirely separate enzymes capable of h\ drolvz- 
ing sucrose, one active below and the other above the critical tempera 
ture (Sizer, 1938 b) Such breaks have not been encountered here 
tofore m simple enzyme systems, but have alw ays been assoaated with 
Mtal phenomena The data on urease cannot he explained by the 
suggestion that two separate ureases with different p values are pres- 
ent, smce crystalhne urease has been used which has been recently 
shown to consist chiefly of a smgle homogeneous protein with a molec- 
ular weight of 483,000 (Sumner el al , 1938) The only explanation 
of the results which seems likely is that the configuration of the active 
groups in tlie urease molecule determines the activation energy 
Labile sulfhydryl groups are probably involved, it is suggested that 
when they are reduced the activation energy is 8,700 calories, but when 
oxidized (partially or perhaps completely) it is 11,700 calories This 
oxidation or reduction accompanied by a change in p is reversible 
A sittular explanation might apply equally well to a change in temper 
ature characteristic for certain physiological systems A shift in 
H value could be accounted for equally well by a shift in pace maker, 
or a change in the activation energy of a single pace maker caused by 
an alteration in the configuration of the catalyst for that step m the 
reaction 

The actual mechanism by which the activation of the urease mole- 
cule IS modified by the redox potential is not dear The effective 
^ peripheral groups responsible for the urease activity are probably 
involved in this activation While the redox potential may determme 
the configuration of these groups it must not be thought that at a 
given potential there is an equilibrium set up between those radicals 
which are m a reduced and those in an oxidized form Under such 
conditions with two different forms of urease active independently, 
an upward concavity should appear in the Arrhenius plot The degree 
of curvature would depend upon the redox potential and a break at a 
critical temperature could not occur The results could be explained. 
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however, on the assumption that under a given environmental condi- 
tion urease exists exclusively in one form or the other At cntical 
redox potentials the urease may be very labile, and slight changes 

TABLE I 

The temperature characteristics (/z m the Arrhenius equation) are tabulated 
for urea hydrolysis (as measured by NH3 production) catalyzed by a variety of 
crude and crystalline enzyme preparations dissolved in a number of different 
solutions 


Urease preparat ion 

Enzyme medium 

II value 

Critical 
tern per- 
ature 

Inaetiva 

Uon 

temperature 

Jack bean meal 

NajSOj + NnllSOa 

11,700 

— 

lO'C 


Arlco 

NajSO, + NaHSOa 

11,700 



45° 



Glycerine 

8,700 

— 

50° 


it 

HsO 

ft 

— 

>40° 


« 

HjO, then SO 3 

11,700, 8,700 

2S°C 

>40° 

Punfied 

« 

NazSOa + NaHSOj 

ft 

26” 

65° 

Crystalline 1 

NajSO, -h NaHSOa 

11,700, 8,700 

21” 

45° 

ti 

2 

II 

it 

tt 

0 

0 

u 

3a 

ti 

tt 

22” 

tt 

4t 

3 

a 

11,700 

— 

40° 

H 

3 (partly inactive) 

a 

8,700 

— 

40° 

(( 

4a 

H 2 O, then SOa 

11,700 

— 

>40° 

it 

it 

SOa -f- 0 034 M Cad: 

11,700, 8,700 

23° 

tt 

t( 

4 0 (partly inactive) 

it 

11,700 

— 


it 

if ti it 

SOj ”f" 0 08 M CftClj 

tt 

— 

it 

it 

4a 

KCN 

8,700 

— 

tt 

<( 

4c 

II 

if 

— 

it 


4 c (partly inactive) 

it 

11,700 

— 

tt 

(t 

46 

NatSiOi 

8,700 

— 


<( 

it 

CysUne 

ff 

— 

SO” 

it 

it 

Na-SOa 

ft 

— 

>40” 

if 

4a 

H 2 O 

ft 

— 

tt 

ti 

46 

IQFe(CN)» 

a 

— 

tt 

a 

tl 

KaFc(CN), 

11,700 

— 

tt 

ft 

it 

HjO: 

11,700 

— 

II 


in the system such as a shift in temperature might cause a conver- 
sion of urease from the reduced to the oxidized form or the reverse 
With such a mechanism, a shift in the m value might occur at a 
critical temperature Dr W J Crozier' has suggested the possibility 


* Personal communication 
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that in order to be activated the effective peripheral groups of urease 
must first he o-adized and then reduced, cychcally With such a sys- 
tem oxidizing or reduang agents would modify one or the other phase 
of the cycle and in this manner fix the activation energy at 8,700 or 
11,700 calones per gram mol 

There are no significant differences between the kinetics as a func- 
tion of temperature for urease m widely different stages of purity, 
ranging from a suspension of jack bean meal to crystalhne urease 
which has been once recrystalhzed (see Table I) In previous ex 
perunents on temperature activation of mvertase it appears that the 
medium played no r61e (Sizer, 1937), but this is far from true for 
ciystallme urease, where the addition of certain substances can cause 
a complete change in the activation energy The oxidation reduction 
potential of the medium may function m fixing the p value of an 
enzyme system by deterrmmng which of the active groups of the en 
zyme will determine the course of the reaction Recent work on 
monomolecular films indicates that urease activity is assoaated with 
the hydrophobic surfaces of the urease molecule, the hjdrophilic 
surfaces exerting no measurable activity (Langmuir and Schaefer, 
1938) This IS consistent with the general pomt of view that certain 
groupings in the enzyme molecule are responsibly for the enzyme ac 
tivity From this present work on the temperature actuation of 
urease it appears that by modifying such active groups not only the 
enzyme activity is altered hut also the activation energy of the enzyme 
may be changed as well 


StIMMARV 

1 The hydrolysis of urea catalyzed by jack bean meal has been 
followed by determining colonraetncally after Nesslenzation the am 
moma nitrogen, and volumetrically the carbon dioxide liberated at 
successive mtervals dunng the reaction Durmg the early part of 
hydrolysis the rate of ammonia or carbon dioxide liberation is constant 
for all the urease solutions which were used 

2 When log rate of NHj or CO formation was plotted agamst 
1/7', the pomts fell along a straight line, the slope of which corre- 
sponded to an activation energy of either 8,700 or 11,700 calories per 
gram mol Frequently urease, when dissolved m sulfite solution, was 
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characterized by an activation energy of 11,700 below and 8,700 
above the critical temperature of about 23°C At high temperatures 
the plotted points fell off from the curve due to temperature in- 
activation 

3 Essentially the same results on temperature activation were 
obtained with crude jack bean meal, Arlco urease, crystalline urease 
not recrystalhzed, and crystalline urease once recrystalhzed The 
temperature characteristic which was obtained depended in part upon 
the composition of the medium When dissolved in water, or aqueous 
solutions of glycerine, KCN, NazSzOa, cystine, NajSOi, and K^Fe- 
(CN)6, the temperature characteristic or p. of urease is 8,700 On 
the other hand, when urease is dissolved in solutions of K 3 Fe(CN )6 
or H 2 O 2 the p value is 11,700 When dissolved in a solution con- 
taining NazSOa and NaHSOa the p value may be either 8,700 or 

11.700 over the whole temperature range, or 11,700 below and 8,700 
above 23° C 

4 When crystalhne urease is dissolved m varying mixtures of 
K 4 Fe(CN )6 and K 3 Fe(CN) 6 , the temperature characteristic depends 
upon the oxidation-reduction potential of the digest When Eh 
IS greater than -f 0 46 volt p = 11,700, when less than -1-0 42 volt 
p = 8,700, when between -1-0 42 — -|-0 46 p = 11,700 below and 

8.700 above the critical temperature 

5 It IS suggested that in reducing or in indifferent solutions the 
configuration of the urease molecule (as^ determined especially by 
SH groups present) is such that the activation energy is 8,700 calories 
In oxidizing solutions the urease molecule has been so altered (per- 
haps by the oxidation of the SH groups) as to be partly inactivated 
and now has an activation energy of 11,700 Such changes in the 
urease molecule are reversible (unless oxidation has proceeded too 
far) and are accompanied by a corresponding change in the activation 
energy 
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■When a large plant cell, such as Valonsa viacrophysa, Kiitz , or 
Baltcyshs Osterhoutii, Blinks and Blinks, is impaled on a capillary 
the restriction on the uptake of substances from the external solution, 
due to the hmited elastiaty of the cellulose wall, is removed, and as a 
result water and electrolyte enter at a much greater rate than into the 
mtact cell In the case of Valoma,' for example, the rate of uptake 
inaeases about 15 fold The technique of determining the increase 
in volume, which is practically equivalent to the mcrease m the 
quantity of water in the cell, consists m measurmg the rise of liquid in 
a capillary This is so simple that it seemed worth while to measure 
the rate of entrance of water from diluted sea water into mdmdual 
Eahcysiis cells to deterrmne the absolute rate of water migration m 
Baltcyslts, and if possible to gam mformation about the structure of 
the protoplasm 

The experiments were earned out m Bermuda m the winter of 
1936-37 at the Bermuda Biological Station 

EXPERIMENTAI. 

The method of impaUng Halioystis cells has been described by Blmks,^ and 
the assembly used when the rise of hquid m the capillary is to be measured has 
already been discussed by us ' In the present case the experiments were earned 
out at ITC d:l"C which was the temperature of the sea water flowing through 
the tray in which the bottles contammg the cells were immersed Before impale 
ment the volume of each cell was determmed individually by the method pre- 


1 Jacques A G , / Gen Physiol , 1938-39, 22, 147 
* Blmts, L R , / Gen Physiol 1929-30, 13, 223 
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viously described ® After impalement each cell was allowed to stand m normal 
sea water at least 48 hours, during nhich time the rate of increase of the volume 
of the sap was measured, to make sure that it followed an approximately hnear 
course, since from other experiments, to be described in another paper, this ap- 
pears to be the regular behavior m normal sea water 

The sea waters to which the cells were exposed ranged from 90 per cent down 
to 30 per cent and the length of exposure ivas such that the amount of water enter- 
ing would not dilute the sap b}' as much as 10 per cent usually the calculated 
dilution w’as not more than 5 per cent '* Each cell w’as exposed to all the diluted 
sea waters and between exposures each was allowed to stand at least 24 hours in 
normal sea water in order to recover from the dilution of the sap During this 
time the sap volume decreased somewhat, as shown by the fall of liquid in the 
capillary But within a comparatively short time the entrance of electrolytes 
and water was resumed and when it attamed a hnear rate about the same as that 
absented before the cell was exposed to dilute sea water, recover)’’ was considered 
to be complete 


RESULTS 

The results of a typical experiment are given in Fig 1 This shows 
the rate of increase in volume of the sap of a single cell on exposure to 
dilute sea waters The increase in volume has been calculated from 
the formula 

AV = Hvr^ 

where H is the increase in the height of liquid in the capillary which 
was measured by means of a micrometer cahper reading to 0 02 mm , 
and r is the radius of the capillary obtained by direct imcroscopic 
measurement of the diameter of the capillary, by means of a microm- 
eter ocular 

Without any assumptions as to the nature of the protoplasm, we 
may assume that 

dQ (j) 

dt h 


® Jacques, A G , and Osterhout, W J V, J Gen Phystol , 1931-32, 15, 537 
^ The initial cell volume and the increase m volume being known it was pos- 
sible to calculate the dilution if no electrolyte were lost by the cell Probably, 
however, a little electrolyte was lost but the amount was not large even when the 
sea water was diluted to 30 per cent Some data are given on this point farther 

on m the paper 
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where is the concentration of water on the mole fraction basis, 
A IS the surface area, and h the thickness of the membrane, and o and i 
refer to the sea water and sap respectively 
If we assume that there are non aqueous surface layers at the sap 
protoplasm and sea water protoplasm interfaces we must take into 
account the process of solution of water in the non aqueous layers 
From Osterhout’s treatment of the guaiacol model we assume that 
at each mterface there are in contact unstirred layers, one m water 
and the other in the protoplasm, and that at the immediate interface 
there are thin regions in each layer where all the molecular species in 
both phases are in eqiulibnum across the boundary For anv species, 
say r, we can write for the sea water protoplasm mterface 

and for the sap-protoplasm interface 

SripK',n - !f.n 

where eop and epo refer to the portions of the unstirred layers, in sea 
water and protoplasm respectively, where the equilibrium prevails, 
and S' IS the partition coefhaent of r If we are dealing with water 
which IS present in much greater abundance than anv other speaes 
we may assume that there is no gradient of water across the unstirred 
layers so that 

and 

Hence the rate of entrance of water is equal to the flux of water across 
the non aqueous protoplasmic layers, and if we can treat these as a 
single thin layer, then the flux is given bj 

'it" IT ~ ' 

or 

i<2 hA / nfl „ „i«i') 

— SripNi J 

If the water added to the sap mixes without expansion or contraction 
of volume we can write for the sap for ~ 


( 2 ) 

( 3 ) 
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Assuming that the solutions are ideal dilute ones, we may now apply 
the gas laws, whence 

PeVt ~ PtVt — P,V, = a constant (4) 

where P is the osmotic pressure, V is the volume of the sap, e refers 
to conditions at the theoretical® end of the experiment when sap and 
sea water are in osmotic equilibrium, t to any time t durmg the ex- 
posure, and z to the beginning of the exposure (zero tune) 

But 

iV^HjO = 1 _ 

where the mdex “sol ” means solute 
Now for 1000 ml of a dilute solution of an electrolyte, we may say 
that 

tmRT _ RT 
~ V ~ \m 


where m is the molar concentration of the solute, V is the volume of the 
solution, assumed to be equal to the volume of the solvent (water) 
alone, i is the van’t Hoff coefficient, and w*®’ is the number of moles 
of solute Or 

I RT 


where Vm is the molal volume of the solvent = 1000 -- 55 5 18 0, 

and IS the number of moles of water 
But in an aqueous solution m which is large compared with 
we can write 


ziV’®*’' 


„H.O 


whence 


P = 


tRT2N^°'' 

Vr. 


® Theoretical m the sense that the experiments were never allowed to go to 
equihbrium and it is probable that if they had the measured V. would have been 
smaller than the theoretical V, for the reason that as the exposure progressed 
some electrolyte would have been lost by the cell 
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From this point on -r— = w another constant “ 
Then 


dividing through by 5^, and rearranging we get 
dV MSd» ^ ^ ^ P.l 

dl h \ CO uj 

where b equals the ratio — Sttp Or substituting for P 
dV hAStjp r, ^ . cj^o — cj&yc) 


where ij 


P,V — a Putting 6 = 1 and integrating gives 


tiASrijl 

h 



V, + 23V.log 



(5) 

( 6 ) 

( 7 ) 

(81 


Putting 6i — /i = 6 the equation becomes 


t 


V 

IP.VA 




r, + 2 3 V, log 



(9) 


which is practically identical with that oi Northrop ’ It differs only 
in containing S„p and m that the term w is erpUcit eo is the pro- 
portionality constant relating osmotic pressure to the concentration 
of the solution expressed as mole fraction of solute Northrop’s 
equation was obtamed by integratmg 


dr kAPV. /l 1 \ 
dl “ h \V, V,) 


( 10 ) 


Equation (9) has been used m the present work to calculate per 
meabihty constants of water entrance In these calculations V, was 


6 


tRT 18X 19885 X 4015X nr«x 2906 
V„ “ 0018 


2320 atmospheres 


t IS taken as 1 8 which is the approxnnate value for the 0 61 ii sodium chloride 
solution, to which Baltcyslts sap very nearly corresponds 
’ Northrop, J H , / Gen PhyszoJ 1927-28 11, 43 
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obtained directly by a displacement measurement of water, Vt = 
V, + AV AV was measured^ directly from the rise in the capillary 
A was calculated from F* on the assumption that the cell is spherical 
and since care was taken to use cells as nearly spherical as possible 
this assumption is a reasonably good one P, was calculated from 
the average freezing point lowering of Hahcyshs sap (which is 2 059°C ) 
for the relationship 

T 


where L is the latent heat of fusion of the solvent, p is the density of 
the solution,® AT is the lowering of the freezing point, and T is the 
freezing point of the solution Takmg L = SO cal and 1 gm cal 
= 41 3 cm ® atmospheres, 




80 X 1 026 X 2 059° 
27104° 


= 0 6147 gm cal /cm * = 25 39 atmospheres 


Ve has been calculated from F, on the assumption that P, = Po, 
where Po is the osmotic pressure of the sea water to which the cell is 
CAposed Then 



Assuming that the van’t Hoff coefficient remains constant over the 
range of dilute sea waters emplo)md. 



In this calculation C, = 100 per cent and C = per cent composition 
of the dilute sea water 

Values for the constant yfe/w are given m Table I these are calculated 
from the data of Fig 1 Neglecting the first and second minutes, 
which show large trendless irregularities, it will be observed that the 
“constant” remams reasonably constant in each sea water dilution for 

8 We have assumed that Hahcyshs sap is a 0 6 jr solution of sodium chloride, 
the density of which at 0°C is according to interpolation from Baxter and Wal- 
lace’s data 1 026 This value of p has been used in our calculation 
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at least the first 10 minutes o£ the exposure Thereafter it decreases 
fairly regularly in most cases, and the dechne is too great to be merely 
the result of experunental error To save space, values alter the 
first 10 minutes have been omitted but the value from the last reading 
and the time are given 

TABLE I 

Cotistanti* (fc/to X iO*) 

V -« 0 423 cm.» P •=■ 25 39 atm yl - 2 724 cm.® 



ber ol cubic centimeters of water entering the cell per minute, through 1 cm * 
of a surface la> er 1 mm thick under a difference of osmotic pressure of 1 at 
mosphere 


\ Figures in parenth^es are times in minutes at which Ust readings were made 


Neglecting the last part of each run and oimttmg the first 2 minutes, 
which show the large deviations, not unusual at the start of kinetic 
processes, we have calculated the average value of k/u (see page 747) 
for the period between 2 and 10 minutes The results are given m 
Table I and have been plotted in Fig 2 which contains, in addition, 
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the values of k/w against per cent concentration of sea water for 
other cells for which sufficient data are available, and an average curve 
for all points common to these cells Although there are rather large 
deviations, each curve and the average curve show unmistakably an 
abrupt drop as the concentration of sea water drops below 50 per 
cent This is clearly brought out in Fig 1, where the curves for 40 
and 30 per cent sea water coincide nuth each other and approximately 
with the 50 per cent curve Above 50 per cent k/ta is either constant 
or perhaps it drops very slowly 

We must now consider whether the equation here used for the cal- 
culation of i/ct), which indicates that it suffers some change with 
time at constant external sea water concentration, and also some 
change with sea water concentration, really represents accurately the 
behavior of water 

In his discussion of the diffusion of water into Arbacta eggs, Nor- 
throp pointed out that it might be necessary to take into account 
(a) the mcrease m the surface and decrease in the thickness of the 
membrane, or (5) if a pore system is m question the increase in the 
diameter of the pores and the decrease m their length, as the cell 
increases in volume 

For both cases the same equation was derived and integrated, and 
a somewhat similar equation was obtained by Lucke, Harthne, and 
McCutcheon,® also for the swelling and shrinkage of Arbacta eggs 
Both their equation and Northrop’s new equation, gave better con- 
stants than the original Northrop equation Furthermore, k/co 
calculated on the basis of Northrop’s original equation decreased with 
the decrease in concentration of the sea water This effect dis- 
appeared when the new equation, taking into account the changes in 
the dimensions of the membrane, was employed Because in our 
work the value of k/u calculated from Northrop’s original equation 
decreased rather abruptly when the sea water concentration was 50 
per cent or less, it seemed fair to inquire whether we should attempt to 
apply Northrop’s new equation to our data On reflection this seemed 
to be an unjustified step, since in the case of an impaled cell there is 

® Lucke, B , Harthne, H K , and McCutcheon, M , / Gen Physiol, 1930- 
31, 14, 405 
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no evidence that the surface area changes at all Indeed this is an 
outstanding advantage of this type of experiment The equation 
was therefore not used and we are satisfied with the conclusion on the 
basis of the old equation that the absolute rate does decrease abruptly 
somewhere around 50 per cent sea water concentration 
If It were possible to apply corrections for the deviations of the gas 
laws, which apply strictly to ideal dilute solutions onlj^, some rectifi- 
cation of k/u as a function of time might be possible Unfortu- 
nately not much progress which is thermodynamically sound can be 
made in this direction But it is possible to show that probably any 
rectification which would be achieved by correcting for deviation from 
ideal will be negligible 


Strictly the relationship of equation (4) should be 


PsVt _ PtV, 

<l>t 4‘t 


PcVc 

4>e 


= constant 


(4a) 


where ^ is the osmotic coefficient of Bjerrum ” This leads to 


IK ^ (tL _ tL\ 

d( ~ h^., V,) 


m 


for equation (10) 

This equation cannot be integrated readily because ^ in concentrated solution 
IS not simply related to the concentration or the osmotic pressure of the solution ” 


It IS possible that in the course of an exposure of a cell to dilute sea water, 
the rise of the liquid in the capillary might cause actual stretching of the mem- 
brane But since this rise was never more than 2 cm this effect may be neglected 

IS defined by = 1 _ 0 Jt is related to they function 

P ideal 

used by Lewis and Randall (Lewis, G N , and Randall, M , Thermodynamics, 
New York, McGraw-Hill Book Company, Inc , 1923, 286) I - <j) - j 

*®In dilute solutions of uni-univalent electrolytes, according to Lewis and 
Linbart (Lewis, G N , and Linhart, G A, J Am Chem Soc , 1919, 41, 1951) 
y = ^ where m is concentration m molal terms and ^ is a constant Un- 
fortunately as m increases even in pure solution of uni-univalent electrolytes, the 
relationship between y and in becomes very complex Scatchard (Scatchard, G , 
Chem Rev , 1936, 19, 309) following Debye has derived quite different equations 
relating 4> and the ionic strength of concentrated solutions either pure or mixed, 
but his equations cannot be applied to the present case, since they introduce new 
variables 
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About the best we can do is to show that probably the osmotic coefficients over 
the range of sea water and sap concentrations used are so little different from each 
other that the correction can be neglected 

If we assume that the sap of HaUcystts is approximately 0 6 m NaCl solution'* 
the osmotic coefficient, according to Scatchard and Prentiss’** freezing point 
measurements, is 0 91 And if in the course of its exposure it is diluted to the 
theoretical hmit, so that P « P , then in 30 per cent sea water its concentration 
should drop to about 0 18 m at which the osmotic coefficient is approximately 0 92 
This 15 the maximum sweep which would occur in the experimental work* Ac 
cordingly we arc justified in assuming that ^ is a constant m the present case, 
and as such it cancels out m equation (4 6) 


The decrease of l/o) with time might be due to the slow loss of 
electrolyte by the cell, since the protoplasmic membrane is clearly not 
a true semi permeable membrane The movement of electrolyte 
may be so slow in comparison mth the movement of water that at the 
start (within the limits of experimental error) the cell appears to act 
as a true osmometer and a reasonably accurate value for the per 
meability constant is obtained Only after a comparatively long 
time docs the effect of the loss of electrolyte appear In the present 
experiments a few tests of the loss of electrolyte have been made by 
exposmg cells to dilute sea water and then comparing the calculated 
concentration of hahde with the actual concentration found from 
analysis 

In making these calculations the concentration of halide of im- 
paled cells 24 hours after exposure to normal sea water was taken as 
0 5975 M This is the average of 4 cells But the individual measure- 
ments varied from 0 6020 m to 0 5900 ii Because of this variation 
the calculated values are somewhat uncertain, but in every case they 


The composition of Baheysits sap according to Blinks and Jacques (Bbnks, 
L R , and Jacques AG,/ Gen Physiol , 1929-30, 13, 733) is 


Chlonde 

Sodium 

Potassium 

Calcium 

Magnesium 

Sulfate 

Total cations 

'* Scatchard G , and Prentiss, S S 


0 6028 moles per liter 
0 SS70 « 

0 0064 ‘ “ 

0 0080 * " ‘ 

0 0167 ' “ * 

Trace 

fOS88l ‘ “ ‘ 

\o 603 gm equivalents per liter 
/ Am Chem Soc 1933, 66, 4355 
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were higher than the values actually determined^ which suggests that 
some electrolyte had been lost For example, a cell m 30 per cent 
sea water for 30 minutes increased its sap volume m such a way that 

^ of 0 5975 M (the calculated value) was equal to 0 5735 ii, 

but the actual value was 0 5520 m The calculated value may be a 
little high for the reason that Vo, the original cell volume, was that 
of the intact cell but since the cell contracts on impalement, by 
spurting, a smaller Vo should be used in the calculation It is es- 
timated that the cell volume may shrink about 20 per cent m this 
way, at the start, and if we apply a 20 per cent correction^® to Vo, 
the “corrected” calculated value of the halide concentration becomes 
0 5681 M The figures therefore indicate that there is some loss of 
electrolyte and that it is small But it may possibly account for the 
decrease in k/o: with time But, on the other hand, the large drop 
m the “constant” when the external sea water concentration is below 
50 per cent clearly cannot be accounted for in this way, since the rate 
of loss of electrolyte is too slow 

If the water passes through the protoplasm by diffusing in pores 
we should expect the rate of increase of volume dV/dl to increase 
steadily as the concentration gradient of the water between sea water 
and sap increases That is should remain constant But, of 
course, if for any reason, as the sea water is made more dilute, h in- 
creases or the radius of the pores decreases,*® then k/w should decrease 
But the only probable way in which either h or the pore radius can 
change is by an increase in the volume of the non-aqueous part of the 
protoplasm due to the taking up of more water as the water concen- 
tration of the sea water increases 

But as water is soluble in the non-aqueous protoplasm we can 

It may be suggested that this decrease in volume should be taken into account 
m estimating jfe/w This is stnctly true but since F, is estimated from V, the 
discrepancy due to neglecting this loss is partially wiped out Tor example, if we 
take the case of the cell in 30 per cent sea water Instead of taking F, = 0 423 cc 
we take it as 0 3384, t e , 20 per cent less The k/o) at 3, 5, and 10 minutes 
are respectively 0 00238, 0 00255, and 0 00237 Thus while we get slightly dif- 
ferent values for the “constant” these also show no trend 

If diffusion IS in pores A is equivalent to the area of the pores, rather than 

the total area of the membrane 
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readily conceive that it is transferred between the sap and sea water 
without passing through pores The decrease m the value of the 
constant might then be accounted for on the assumption that the par- 
tition coeffiaents change 


SUMMARY 

The rate of entrance of water into impaled cells of llahcyshs Osier 
houlii, Blinl,s and BlmLs, has been detemuned directly bv measure 
ments of the nse of sap in a capillary for dilute sea waters (containing 
between 90 and 30 per cent sea water) 

The veloaty constant remams reasonably constant down to SO 
per cent sea water but it decreases markedly in lower concentrations 




THE KIKETICS OF PENETRATION 

XIX Entiiancz or Electrolytes and of Water into Impaled 
Halicystis 

BvA G JACQUES 

{JProm the Laloratones of The Rockefeller Institute for Medical Research, New York, 
and The Bermuda Biological Station for Research, Inc , Bermuda) 

(Accepted for publication, February 10, 1939) 

In a previous paperUt was shown that ■when cells of Valoma macro 
physa, K.utz , are impaled on a capillary and immersed m normal sea 
water the rate of entrance of water and of electrolyte is about IS times 
as great as with mtact cells In the present paper it is shown that sun 
liar results are obtamed with impaled Haltcysits Osterhouht (BUnks 
and Blinks) 

The experiments were earned out m Bermuda at the Bermuda 
Biological Station in the winter of 1936-37 

experimental 

The setup for the measurement of the increase m volume for single impaled 
cells has already been described in a previous paper,' and the same technique was 
followed here Bnefly it consists in impalmg a cell on a very thin walled capillary 
drawn on the end of a tube of capillary bore, exposing it to normal sea water and 
delerminmg the rate at which the volume increases from the increase m height 
of the sap m the capillary tube The rise m height was determined by means of 
a micrometer cahper reading to 0 02 mm and the volume was calculated from 
the formula 

V « 

where r is the radius of the capillary and h is the capillary rise The radius for 
eadi capillary tube was determmed by direct measurement of the diameter with 
a nuCToscope fitted with an ocular micrometer The temperature of the sea water 
during the exposure was mainteincd at 17 C ± 1®C by immersmg the bottles 


' Jacques, A G , J Gen Physiol , 1938-39 22, 147 
757 




Fig 1 Rate of increase of sap volume of impaled HahcysHs m normal light 
(i e natural succession of daylight and darkness) The curve for Cell 4 (V) 
starts immediately after impalement, the other curves start 24 hours or more 

after impalement 
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conUinmg the cells in a large shallow tray througli which passed a rapid current 
of sea water from the salt water pumping system of the Biological Station 



Fig 3 A large scale reprcsentalion of the early part of the curves of Fig 2, 
illustrating the initial non linear rate of volume increase 


table I 

Increase in Volume of Sap and tn Molei of UaUde in Impaled Cells of Balicyslts 


C«U No 

Pkyi 

Iname in 
volnme o( up( 

1 Increase in 

1 volume of up 

Area of toifscc 

Incruie in 
molnhihde 
per day 

Increue in 
volume of lap 
per day 



€C 

ptfient 

on * 

ptr cent 

ftr cent 


5 0 

0 095 

33 0 

2 108 

6 6 

6 6 


5 0 

0 101 

31 0 


6 2 

6 2 



0 269 

45 7 


9 4 

9 9 


■9 

0 141 ' 

17 5 1 


4 6 

4 5 

Average 6 7 ^ 

6 8 


The increase m the moles of electrolyte in the sap (equal to molar concen 
tration tunes volume mcrcase m liters) was determined as the increase m the 
moles of hahde Since the cell sap of Ilalicystts OsterhouUi is chiefly a solution 
of sodium chloride it was considered unnecessary to determine sodium and potas 
Slum as well m order to calculate moles of eIectrol> te 
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The hahde analyses were earned out electrometncally by titration with stand- 
ard sdver nitrate The volume of each cell to be impaled was first determined 
by the method previously described and the number of moles of electrolyte 
originally present was calculated by using for the halide concentration in every 
case, the average hahde concentration of a number of ummpaled cells from the 
same collection as the impaled cells Since the natural vanation in hahde con- 
centration IS comparatively small this method gives sufficiently accurate results 

For the determmation of the rate of increase in volume and in moles a group 
of ummpaled cells was kept under the same conditions as the impaled cells The 
voHime of these ummpaled control cells was determined in the manner previously 
desenbed ^ 

A difficulty which arose constantly m these experiments was the decrease in 
the volume of sap within the cell vacuole at the moment of impahng Bhnks 
has already spoken of the difficulties associated with impalement of Haheyshs, 
due to the tendency of the envelope to tear rather extensively This means that 
in many cases some sap escapes round the capillary as the cell is pierced, hence it 
is hard to estimate the shnnkage of the vacuole In a few cases cells were impaled 
without the loss except into the capillary tube and from measurements of this 
initial capiUary nse in these cases it was possible to determine the shrinkage of 
the vacuole It is variable, but appears to be between IS and 25 per cent of the 
ummpaled volume 

In calculating the per cent increase in volume and in moles this has been taken 
into account by makmg a correction of the initial volume of 20 per cent It is 
interesting that the difficulty just discussed is almost entirely absent in Valomo 
In the first place, on impalement the vacuole shrinks only a very little, and, in 
the second, in nearly all cases of successful impalement the cell wall chngs to the 
capillary so closely that there is no spurting 

In most cases spurtmg occurred with Haheyshs cells, and before measurements 
of the increase in volume were started the cells were allowed to recover in normal 
sea water for 24 hours or more The volume time curves for a number of these 
cells are given in Fig 1 The curves are typical and the cases chosen were selected 
so as to avoid too many overlapping points 

In a number of cases we were successful m impabng cells without 
loss around the capillary In some of these cases measurements were 
started at once, m order to determine the shape of the curves at the 
start The results for some of these experiments are given in Fig 2 
and on a larger scale m Fig 3 for the early part of the runs One of 
these cells, No 4, has been included m Fig 1 for comparison 

Table I gives the data for the beginnmg and end of four experiments 
for which sap analyses are available In 17 other cases not reported 

2 Jacques, A G , and Osterhout, W J V , / Gen Physiol , 1931-32, 16, 537 
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in detail the cells were transferred to other expenments and no sap 
analysis is a\ailable 

The control cells (unimpaled) gained 6 71 per cent in volume of 
sap in 8 days and 17 76 per cent in 18 days The average daily in 
crease was taken as 0 99 per cent 

DISCDSSION OF REStTLTS 

Figs 1, 2, and 3 show that generallj the behavior of the Bahcystis 
cells was like that of the V alomo cells Iminediatcly after impalement 
there was a rapid increase in volume which was succeeded after a few 
hours bj a slower increase, approximately hnear with time, which 
lasted until the end of the experiment The longest expenments 
described in this paper lasted S day s, after which the cells were used 
in other experiments, and it seems not improbable that in the case of 
Bahcystis, barring accidents, the hnear increase in volume imght go on 
indefinitely’ In the case of Valoma the expenments were all ter 
mmated by the end of 48 hours because of the difficulty of keeping the 
capillary from plugging for long periods But it seems probable that 
with Valoma also, as long as the capillary was kept free, the hnear 
rate of mcrease of xolume would continue 

In the case of Bahcystis, although the general course of the curve 
after the first rapid uptake of water is hnear, the curves are actually 
a series of waves This is clearly brought out in Fig 2 where a rather 
large scale is used Some of the deviations from the hnear curve are 
undoubtedly the result of experimental error but there is a certain 
regulanty about them which we are able to identify definitely with 
the illumination Durmg the dark hours, the rate dropped off 
appreaably but it recovered promptly m dayhght so that the net 
result was nil and the average curve is a straight Ime 

In order to brmg out the pcnodic nature of the process under the 
influence of light two of the curves have been roughly divided mto 
hght and dark periods, the dotted portions representmg 12 hours of 
darkness, roughly from 7PM to 7 A M , and the solid portions each 

* As a matter of fact cells used m other expenments lasted up to 20 days on 
the capillary and it is our impression that but for the unavoidable disturbances 
inadent to the measurement of the capillary nse they might have lasted much 
longer 
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representing 12 hours of hght The decrease in darkness and the 
increased rate in the hght is fairly evident These findings are in 
agreement with other hght and dark experiments to be descnbed m 
another paper 

Refernng to Table I we find that the rate of mcrease of volume and 
of moles of hahde (equivalent to moles of electrolyte) were parallel 
This means that the hahde concentration remamed practically con- 
stant The average percentage mcrease m volume per day m this 
group was 6 8 per cent, or if we apply a correction of 20 per cent to 
the initial volume of the cells to account for the shrmkage on impale- 
ment^ the daily percentage increase m volume was 8 5 per cent 

This may be compared with the average daily increase of volume of 
9 08 for 14 cells all drawn from an old collection, or on the corrected 
basis of 11 35 per cent We have elected to compare these 14 cells 
which mclude the 4 of Table I because these were of the same collection 
as the unimpaled cells The remaimng 7 cells were of a much more 
recent collection and this apparently has some effect on the rate, smce 
the corrected dail}* volume mcrease m this case was 19 9 per cent or 
rather less than twice as much as with the older cells This differ- 
ence may have some significance 

Neglectmg these last younger cells for the reason that we have no 
figures for the rate in 3 ’’oxmg unimpaled cells we see that volume m- 
crease and hence electrolyte mcrease was between 9 and 11 tunes as 
fast in the impaled cells as m the mtact cells This may be compared 
with the 15'fold mcrease observed when Vaioma cells were impaled 
We may say that the mcrease in rate produced by impalement is 
approxunateh^ the same m Valoiiia and m Hahcyshs 

In the case of Valomn we were not able to compare rates with the 
surface area, because the cells varj’- so much and are frequently so 
irregular m shape that we cannot relate the surface to the volume 
In the case of Hahcyshs we can assume that the cells are sphencal, 
particularly if they are small cells or have been kept a long tune in 
the laborator}-, under which condition they tend to round out to 
spheres And if they are spheres we can calculate A, the surface 
area, from the volume 

From the calculations it appears that there is verj' httle correlation 
between the surface area and the rate of uptake of water and electro- 
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lytes However, when different cells are compared the average rate 
of increase of volume per day per square centimeter of surface for the 
first 14 cells was 0 013 cc and for the other 7 cells 0 022 cc , or nearly 
twice as great In the latter case, as pointed out already, this may be 
correlated with the tune the cells remamed in the laboratory 
In the case of the unimpaled cells the total surface area for 4 cells 
from the original volumes was 9 658 cm * And ignoring the small 
mcrease m surface area during ithe volume increase this means that 
the average volume increase per day per square centimeter of surface 
was 0 015 cc , so that on this basis the rate is increased somewhat less 
than 9 fold due to impalement In the calculation of the surface no 
correction was made for volume shrinkage on impalement Such an 
allowance would raise the figure somewhat, possibly to nearly 10 5- 
fold, but we need not, in view of other uncertainties, make the calcula- 
tion here On either volume or surface basis therefore we can con 
dude that the rate of uptake of electrolyte and of water mcreascs about 
10 fold when the restriction due to the cellulose wall is removed by 
impalement 

As in the case of Valoma the osmotic concentration* of the sap in 
the intact cell is slightly greater than that of the sea water The 
freezing point of the sea water passing through the Biological Station 
pumpmg system vanes slightly from tune to time, but in companson 
the freezing point of the sap of Haltcyshs kept m a flow of this sea 
water always has a slightly greater freezmg point depression Tor 
example, in one case the freezing point of the sea water was —2 030'’C 
and the freezing point of the sap of cells kept in it was —2 059°C 
The usual difference of freezing pomt between sea water and the sap 
of Valoma is considerably greater than this For example, in one 
case when the freezing point of the sea water in contact with the cells 
was —2 021°C the freezing pomt of the Valoma sap was —2 ISO’C 
Qualitatively this difference can be observed in the turgidity of the 
cells EaheysUs cells arc invariablv soft and rubbery to the touch, 
Valoma cells are firm and hard In the case of Valoma we were 
unable to determine by calculation if the earl\ more rapid entrance of 

* The osmotic conccnlTation is tmlty when the Iieezing point depression equals 
1 864 * e the freezing pomt depression of 1 mole of non electrolyte dissolved in 
1 hter of aqueous solution 
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water immediately after impalement represents the more rapid en- 
trance of water than electrolyte with a correspondmg adjustment of 
the osmotic concentration of the sap to that of the sea water But 
it seems probable that this is the case 

In the case of SahcysHs the difference in osmotic concentration 
between sap and sea water is much less The osmotic concentration 
of sap IS 2 059 — 1 864 = 1 1046 ii Now in the case of cell 17 
(Fig 3) the imtial penod of rapid rise lasted about 92 minutes dunng 
which time the volume mcreased by 0 0088 cc , but we may suppose 
that only part of this was pure water, smce electrolytes could enter 
also and it is a reasonable assumption that the rate of electrolyte 
entrance might be constant throughout the experiment Therefore 
part of the mcrease m volume may be considered as the addition of 
imdduted sap to the volume Interpolatmg from the straight part 
of the curve which apparently represents the mcrease in volume with- 
out dilution we find that m 92 mmutes the amount of undiluted sap 
entering would be approximately 0 0045 cc The original voliune of 
the cell was 0 348 cc Hence the calculated osmotic concentration 
should be approximately 1 0913 m But the osmotic concentration 
of the sea water m contact with the cell was approximately 2 030 
— 1 864 = 1 0891 it, a negUgible difference 

On the other hand, similar calculations m the case of cell 15 gave 
for the probable osmotic concentration of the sap at the end of the 
rapid imtial volume mcrease 1 0986 which suggests that the complete 
osmotic adjustment did not occur m this case The evidence m this 
connection from halide analysis is also not decisive because the 
calculated change of hahde concentration correspondmg to complete 
osmotic adjustment is smaller than the natural vanations m halide 
concentration among normal cells 

On the whole, therefore, the evidence while pomtmg to some osmotic 
adjustment does not support decisively the view that complete 
osmotic equahty is attamed From a theoretical viewpomt, how- 
ever, we thinh it desirable to assume that osmotic equahty does 
occur on impalement 

We shall assmne at first, that, just as in the case of Valonia, the 
entrance of sodium and potassium occurs b> the diffusion of NaX 
and NX m the aqueous layer of the protoplasm, where X is the anion 
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of a weak aad HX elaborated by the protoplasm In the present 
case, since the concentration of potassium m the sap is very small, we 
shall discuss sodium entrance only • In a previous paper we have 
suggested that the flux of M (M may be sodium or potassium) across 
a unit area of protoplasm of unit thickness is given by the equation 

~ - - lslXl,pil 

at 

and this with suitable simphfications reduces to 

^ D'f’^lfWhfOH), - IJri (OH)il 
aJ 

where 

ftcoIU “ ^ At iX 

^ top ^*4p ^ydiolyiU 

In these equations D is the diffusion constant, 5 is the partition 
coefficient, / is the activity coefficient, and is the thermo 

dynamic hydrolysis constant of the reaction 
ifX + HiO^e ifOH + HX 

Round brackets mdicate activities and square brackets concentrations 
The subscripts o and % refer to the bulk of the sap and sea water 
respectively, and the subscripts epo and cop refer to a pair of adjacent 
unstirred layers m the protoplasm and sea water respectively m 
which the solute and solvents are in equilibrium across the interface 
epi and eip refer to siimlar layers at the sap protoplasm mterface 
In the derivation of this equation it was assumed that corresponding 
activity coefficients and partition coefficients in the sap and sea water 
are equal HX is also considered to be distributed equally throughout 
the protoplasm 

The rate of entrance of water is given by the flux of water across 
the non aqueous protoplasm, vis 

~ = D^'° UH,01„ - 
at 

® The situation is complicated by the fact that halide is entenng the cell si 
raultaneousl> A mechanism whereby halide may enter v. ill be discussed else 
where 
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Now the entrance of water and electrolyte goes on under steady 
state conditions Hence the ratio of the rates of entrance of elec- 
trolyte to water remains constant while only the volume of the sap 
mcreases There is good evidence that the rate of entrance of water 
takes place much more rapidly than the rate of electrolyte entrance 
Thus, as we showed m a previous paper, even when the sea water is 
diluted extensivel)' the adjustment of the osmotic pressure between 
the sea water and the sap of an impaled Hahcystis cell takes place 
almost entirely by entrance of water into the sap and hardly at all 
by loss of electrolyte ® 

If this is so then m the impaled cell we should expect the osmotic 
concentration of the sap at the steady state to be very close to that 
of the sea water, for when the cell takes m electrolyte and thereby 
raises the osmotic concentration by a small amount water can enter 
at once, smce there is no volume restriction due to the cell wall 
This would tend to abohsh the osmotic gradient 

When the cell is mtact we expect a different steady state concen- 
tration m the sap, for then water can enter only when the cell wall 
grows and so is able to enclose more space Hence the rate of water 
entrance is decreased, and in order to decrease the rate of electrolyte 
entrance {[Na],(OH), — [Na].(OH),} must decrease This can only 
happen by [Na], mcreasmg since the other concentrations are fairly 
well fixed We may note that the situation is somewhat different 
from the situation m Osterhout’s guaiacol model, where the rate 
of uptake of water is mcreased as the concentration of electrolyte in 
the mner phase mcreases In the present case the rate of uptake of 
water cannot mcrease as the concentration of the electrolyte m the 
sap increases, because of the cell wall restriction Consequently all 
the adjustment to the new steady state depends on [Na], mcreasmg 
We need not predict at what point the steady state will be established 
but it is dear that it must be much higher than 0 6 M for (OH)o is at 
least 100 tunes (OH), hence [Na], may increase many fold without 
decreasmg the gradient appreciably ’’ 

® Jacques, A G , J Gen Physiol , 1938—39, 22, 743 

’ Let us consider a cell containing 1 ml of sap In the impaled cell the cell 
sap gams m about 10 days (10 per cent mcrease in volume per day, the concen- 
tration of electrolyte being 0 6 m) 1 ml of water and 0 6 milhmole of electrolyte 
Now suppose an impaled cell could be suddenly made intact The ceU would 
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It was because practically the same steady state was obtained in 
both intact and impaled Valoma cells, even though there was a 
IS fold change m the rate of entrance of water and electrolyte, that 
we were led to suggest a regulatory mechamsm which operates by 
changing the partition and diffusion coeffiaents of MX m the non 
aqueous protoplasm It was suggested that the mechanism operates 
about as follows In the intact cell a little electrolyte enters thereby 
raising the osmotic concentration of the sap As a result water 
enters and stretches the cellulose wall to the limit Electrolyte con 
tinues to enter but water cannot until more cellulose is produced 
Then as the osmotic pressure of the sap increases, water is withdrawn 
from the protoplasm This does not require any change in the volume 
(sap + protoplasm) inside the cellulose envelope, but it does change 
the properties of the non aqueous protoplasm, by lowermg the parti 
tion coefficient of MX, so that [MXup — MX,,,) is decreased' 
At the same tune the viscosity of the protoplasm is mcreased and 
is decreased 

On the whole we think that the same explanation may apply in 
the present case Before discussing it let us consider an alternative 
mechanism by which sodium is assumed to enter the cell as sodium 
chloride 

According to the analysis of Bermuda sea water and Haheyshs 
sap* [Na], = 0 498 M, [Cll, 0 580 M, [Na], = 0 557 M, and [Cl]i = 
0 603 M Smee the ionic strengths of the sap and sea water are quite 
close to each other the activity coefficients may be taken as equal 

now gam 1 ml of water m about 100 days under these conditions, and if the rate 
of entrance of electrolyte remained unchanged it would gain 6 millimoles of elec 
trolyte in the same time and the concentration would become 66 — 2 - dSU 
But if the concentration were 3 J u the gradient would be reduced from approjii 
mately 5 94 X 10"* to S 67 X 10~* This very approximate calculation is made 
asfoUows [Nal =06 m,[OH 1 - 10-‘M,lNa]i •.06u,[OHl, - lO-'u [Na) X 
[OH] — 6 X 10"*, and [Nali X [OH] « 0 06 X 10"*, whence the difference is 
5 94 X 10"* When [Nah is taken as 3 3 u, [Na], X [OH], - 0 33 X 10"’ and 
the difference becomes 5 67 X 10"* That is, it would decrease less than 10 per 
cent We need not attempt to fix the steady state concentration more closely 
' Regarding epo, cop, cpi and c\p see p 765 

> Osterhout, W J V , / Cen Physiol 1922-23, B, 225 Blinks, L R , and 
Iacque3,A G,J Gen Phynol , 1929-30, 13, 733 

’“The ionic strength of Bermuda sea water, according to thelMlculation of 
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Hence the chemical potential of sodium chloride is greater m the sap 
than in the sea water Consequently NaCl as such cannot diffuse from 
the sea water to the sap without the cell supplying energy If sodium 
chloride diffuses as such from the sea water to the sap we may write 
for the flux of NaCl 

dlNaCl] 

= — HNaCl^,, - (NaClU^,} (1) 


or 

^NaCI 

= -J- !S,,^lNaUai - (2) 

*Tbe assumption and steps by which we arnve at equations similar to the 
present one have been apphed m several forms in another paper (Jacques, A G , 
J Gm Physiol , 1938-39, 22, 147) and they need not be considered m detail here 

In order for the nght hand term of the gradient to become less 
than the left hand m Hahcyshs S„p must be less than Stop But m 
any diffusion system to which no energy is supplied Stop and St,p must 
obviously come closer together as [NajoIClj^ and [Na],[Cl], come 
closer together until when these products are equal the partition 
coefficients are also equal In a system such as Hahcyshs it seems 
not impossible that the required energy may be available 

Suppose the energy of the cell were directed to the production of a 
substance which depresses the solubility of sodium chloride in the 
non-aqueous phases This would lower the partition coefficients 
But m order for such a substance to lower S^p differentially it would 
be necessary for it to be present m higher concentrations at the sap- 
protoplasm interface than at the sea water-protoplasm interface 
This seems possible, for example, if the substance is produced only 
at the sap-protoplasm interface and has a low rate of diffusion in the 
non-aqueous protoplasm Thus we can imagine a “steady state” 

Zscheile (Zschede, F P , Jr , Proioplasma, 1930, 11, 48f) is 0 7212, and the ionic 
strength of Hahcyshs sap by our calculation is 0 6326 By reference to the data 
of Hamed (Hamed, H S , m Taylor, H S , A treatise on physical chemistry. 
New York, D Van Nostrand Company, Inc , 2nd edition, 1931, 1, 772) we see 
that between these two ionic strengths the activity coefficient of sodium chlonde 
changes hardly at all 
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m which the “depressant” agent is being produced rapidly at the 
sap-protoplasm interface and is diSusing slowlv to the sea water 
protoplasm interface, so that a rather steep but constant gradient of 
the substance is set up across the protoplasm then remains 

contmuously less than and the flux of NaCl is inward m spite of 
the fact that [Na^i IClli > (Nal (Cl] 

The part plaj ed by the aqueous phases may be important Smce 
the depressant agent is able to displace the polar sodium chloride from 
the non polar protoplasm, it must itself be relatively more non polar 
Hence its partition coefficient must be high At the sap protoplasm 
mterface we have the relationship 

where o is the depressant agent In the steady state it seems likely 
that [o]„p = (a]i (where [a]( is the concentration m the body of the 
sap) because the volume of the sap is limited 

At the sea water protoplasm mterface, however, [o]„j > [o], since 
the sea water is not limited m volume Hence there is a loss of the 
agent to the sea water, and in the steady state this may take place 
at such a rate that the decrease in the cpo la\ er is just made up by 
the diflusion of the agent from the sap protoplasm interface This 
steady loss is important smce if the depressant were produced con 
tinuously and did not escape from the protoplasm no steady state 
would be possible Instead the concentration of the depressant 
would eventually become equal at the two mterfaces when, of course, 
its differential effect on the partition coefBaents of sodium chlonde 
at sea water and sap interfaces would disappear 

Osterhout” has suggested that the protoplasm of such large plant 
cells as Babcystis consists of two non aqueous layers, X and Y, 
adjacent to the sea water and sap respectively, and W, an aqueous 
layer, between them It imght be supposed that if the X and Y 
layers have different properties 5, p and Snp must necessarily be 
different, and that accumulation of sodium chloride as NaCl could 
occur on this account alone It is easy to see that this could not be 
so thermodj namically As a matter of fact the system does not 

“ Osterhout W J V Ergihn Pliystal 1933, 3B, 1014 
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differ fundainentally from, a system with only one non-aqueous 
layer separating sea water and the sap 
Suppose we have a three layer system m which the diffusion coeffi- 
cients are different and suppose the thicknesses of the layers are 
hx, hw, and hy The total thickness of the system is small so that 
“steady state diffusion” prevails The flux in all parts of the system 
IS therefore the same Jacobs** has shown for a two layer system of 
this type that the rate of transfer of solute is proportional to the 
gradient across the whole system The separate gradients across 
each layer need not be considered Extending Jacobs’ reasoning to 
our three layer system we have for the flux across a unit area 


dlNaC}] 

dl 




{[NaCl^; - [NaClby,,) 


(3) 


which IS very similar to the equation (1) set up for the flux in a single 
layer 

It might be suggested that the supposed diffusion of the depressant 
from the sap to the sea water resembles the movement of an lonogenic 
“diffusing agent” which Teorell** has shown is capable of bringing 
about accumulation in non-living systems The resemblance is 
superficial since the depressant is not supposed to be lonogemc and 
hence cannot furnish the ions of different mobility required to pro- 
duce the electrical stress which according to Teorell's theory is the 
force which brings about the redistribution of other ions in the system 

In an average Haheyshs cell [Na]* [Cl], = 0 289 and [Najj [Cljj = 
0 336 Hence if the ratio 5«p — Sxop could be maintained at a value 
slightly greater than 1 16 sodium could enter the cell as sodium 
chloride Let us suppose for the moment that this condition is met 
in the intact cell ^en the cell is impaled the rate increases about 
10-fold hence if remains unchanged S,op [Na], [Cl], - 

[Na], [Cl], must increase 10-fold Since there is only a very slight 
decrease of [Na]i [Cl], in the impaled cell the change must be effected 
through the partition coefficients However, it is difficult to see 

** Jacobs, M H , Ergehn Btol , 1935, 12, 70 

** Teorell, T , Proc Nat Acad Sc, 1935, 21, 152, J Gen Physiol, 1937-38, 
21, 107 
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how the results we observe could come about through the depressant 
0 There is no reason to suppose that its rate of production would be 
increased by impalement But since the volume of the sap increases 
faster in the impaled cell, the loss of a to the sap will be greater, hence 

will be smaller 

This effect maj be small and the increase in due to the decrease 
in the concentration of the agent may in part be compensated by the 
smaller concentration of a in the epo layer which will cause 5,,, to 
mcrease The net effect on the partition coefficient ratio will prob 
ably be nearly zero And in any case there seems to be no possibility 
that it can be so increased by the depressant that the gradient term 
increases 10 fold 

Thus even if sodium diffuses in bv the mechanism suggested above 
It seems necessary to assume that there is an additional mechanism 
whereby the gradient is altered when the cell is impaled 
As pointed out above we assume that the additional mechanism 
operates by withdrawmg water from the non aqueous protoplasm to 
reduce both S , and and at the same time by inaeasing the 
s iscosity of the non aqueous phase to reduce the diffusion coefficients 
According to this view in the intact cell some of the energy of the cell 
IS directed towards decreasing the rate of uptake of electrolyte 
When the cell is impaled the energy is no longer expended in this way 
and without the need for an increase m the energy output of the plant 
the rate of uptake of electrolyte can increase “ 

However, recent results of Bhnks, Darsie, and Skow“ on the Pacific 
Coast Eabeysits ovalts indicate that on impalement the cell consumes 
oxygen at a more rapid rate than normal and this keeps up for some 
time “even for several day s ” That is to say on impalement the en 

An alternative mechanism for keeping the osmotic concentration of the cell 
sap from increasing much above that of the sea water m the intact cell has been 
suggested to us by Dr T Shedlovsky He suggests that when the cell is stretched 
to the hmit the protoplasm ruptures momentanly and as a result sap escapes 
and the vacuole volume decreases Then the rupture heals and as the cellulose 
wall is not now stretched to the limit water can enter to stretch it, thereby reduc 
ing the osmotic concentration This process is supposed to be repeated an in 
definite number of times 

u Bhnks, L R , Darsie, M L , Jr , and Show, R K , / Gen Phystol , 1938- 
39, 22,255 
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ergy output of the cell is increased Hence in contrast to the view 
expressed above it might be suggested that the increased rate of 
uptake of electrolyte is in some way associated with this However, 
although in the present paper, the longest time during which the rate 
was followed was 5 days, in a forthcoming paper'® we shall describe 
experiments in which the accelerated rate of uptake over that of the 
intact cell continued for periods up to 15 days and it scarcely seems 
likely that the accelerated rate of oxygen consumption would con- 
tinue so long 

Possibly, however, the more rapid non-hnear rate of increase in 
volume during the first few hours is associated with increased energy 
output But It seems just as likely that it is associated with the 
partial dissipation of the excess osmotic energy of the sap over that 
of the sea water 

Since in the case of the impaled Valoma cell the experiments were 
terminated in 48 hours or less, two questions arise First, docs 
impalement result in increased energy output for several days in 
Valoma as it does in Hahcysks ovalis, and second, is the increased 
rate of uptake of electrolyte associated in any way with increased 
energy output? We think that the last question should be answered 
negatively, for the reason that Valoma and Hahcysks Osier houln on 
impalement behave qualitatively and quantitatively nearly alike, and, 
as pointed out already, in the latter case it seems unlikely that the 
increased energy output would persist as long as the increased rate of 
uptake lasted 

In the case of Valoma, measurements on the sap made in two cases 
after 48 hours of increased electrolyte uptake due to impalement, 
failed to show any definite change in the pH Yet if the cell were to 
continue to respire more rapidly on impalement we might possibly 
expect to find the pH of the sap lower than normal 

Between the two alternatives entrance as NaZ or as NaCl by the 
aid of a depressant, there is little to choose as far as the evidence goes, 
but in the case of certain plants such as Nitclla, where the osmotic 
pressure and the concentrations of most of the ions in the sap are 
greater than in the surrounding medium, it seems possible that favor- 

1® Jacques, AG,/ Gen Physiol , 1939-40, 23, m press 
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able gradients may depend on substances present in larger concentra- 
tion at the sap protoplasm interface, which depress the solubihty of 
the salts m the non aqueous phases 

SOMMARY 

When cells of Eahcysits are impaled on a capillary so that space is 
provided into which the sap can migrate, the rate of entrance of water 
and of electrolyte is mcreased about 10 fold In impaled Valonia 
cells the rate is mcreased about 15 fold 

After a relatively rapid non linear rate of mcrease of sap volume 
immediately after impalement (which may possibly represent the 
partial dissipation of the difference of the osmotic energy between 
mtact and impaled cells) the volume maeases at a linear rate, 
apparently mdefimtely 

Smce the halide concentration of the sap at the end of the expcn 
ment is (within the limits of natural vanation) the same as m the 
mtact cell, we conclude that electrolyte also enters the sap about 10 
tunes as fast as in the intact cell 

As m the case of Valonta we conclude that there is a mechanism 
whereby m the mtact cell the osmotic concentration of the sap is 
prevented from greatly exceeding that of the sea water This may be 
assoaated with the state of hydration of the non aqueous protoplasmic 
surfaces 




THE PORPHYROPSIN VISUAL SYSTEM 

By GEORGE WALD* 

(From Ihe Sio/ogicai Laboratories, Bonard University, Cambridge) 
(Accepted for publication, April 3, 1939) 

Certain fishes have evolved a visual system different from that 
common to all other types of vertebrate In place of the rose colored 
thodopsm, their rods contain a purple photolabile pigment which I 
have suggested be called porphyropsin (Wald, 1937 a) This pecu 
bant) was first noted in a number of fresh water fishes by KUhne and 
Sewall (1880), and later was confirmed spectrophotometncally by 
Kbttgen and Abelsdorfi (1896) 

Following the work of the latter authors it has been bcheved that 
fish retinas m general contain porphyropsin Recently, however, a 
number of marine fishes have been shown to possess visual systems 
identical with those of frogs and mammals, in which rhodopsm partic 
ipates m a retinal cycle with the carotenoids retinene and vitamm A 
(Wald, 1936-37, 1937-38) 

This suggested the cunous possibihty that porphyropsin is restricted 
to fresh water fishes And in fact a preliminary survey indicates that 
the retmas of most permanently marine fishes contain rhodopsm, 
those of permanently fresh water fishes porphyropsin, while those of 
euryhahne'- fishes contain either predominantly or exdusively that 
photopigment ordinarily associated with the environment in which 
the fish IS spawned (Wald, 1938-39) 

*This research was supported in part by a grant from the Milton Fund of 
Harvard University A short account of the experiments has appeared in Nature 
(1937 o) 

1 It has been found convenient to divide these fishes into four classes two 
groups of stenohahne fishes restricted permanently to marine or freshwater 
environments and two groups of euryhaline fishes capable of existence m a wide 
range of sahmties those spawned in fresh water (anadromous) and those spawned 
m the sea (catadromous) 
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The present paper is concerned with the chenustr}^ of the “pure” 
porph3Topsm S3'stem as found in permanent^ fresh-water and some 
anadromous fishes, specificall 3 ’- with the behaMor of porph 3 ropsm in 
the retina and m aqueous solution, and its interaction with carotenoids 
in the retinal C 3 ^cle In this work I have followed closety the design 
of preMous expernnents on the rhodopsm s 3 "stem in marme fishes 
(Wald, 1936-37, 1937-38), in order to demonstrate clearl 3 '- that both 
S3^stems, though distmctty different m composition, are remarkabh 
parallel m behaMor To aid m this comparison, I have included m 
the present paper new observations on the marme scup and on two 
members of the preMousl 3 ’^ unexplored group of marme elasmobranchs 

Methods 

Porphyropsm Sohiiions — Retinas of dark adapted fishes were prepared m dim 
red light, as free as possible of the underbmg pigmented epithehum and choroid 
layer After soaking for about 3 hours in a 4 per cent solution of aluminum potas- 
sium sulfate (alum), the}’- -were washed twice m distdled nater and twice m phos- 
phate buffer solutions, usuall) neutral Finall} the} were ground in 2 per cent 
aqueous digitomn, and allowed to leech at room temperature overnight The 
mixtures were centnfuged for about 20 minutes at about 3000 r p ii and the clear 
solutions stored at 2°C Generally these solutions were recentnfuged just be- 
fore their spectra were recorded to dispose of colorless precipitates which some- 
times developed dunng storage 

Antimony Chloride Tests — ^ReUnal extracts m dr}" chloroform were tested by 
mixing with saturated solutions of antimony tnchlonde m chloroform m the 
proportion 0 3 cc of extract to 3 2 cc of reagent Spectra of these mixtures were 
recorded immediatelv, smee the test color fades and changes quahtativel} withm 
10 to 15 imnutes 

Spectrophotometry — Spectra in the -visible region were measured with the re- 
cordmg photoelectnc spectrophotometer of A C Hardy at the Color Measure- 
ments Laborator}" of the JIassachusetts Institute of Technology (Hardy, 1935) 
The speaal adx-antages of this instrument for the t}'pe of work with which we are 
concerned haxe already been mdicated (Wald, 1937-3S) Figs 1, 2, 3, and 6 are 
direct recordmgs drawn b} the instrument itself. Fig 8 is a tracing from such a 
record In each case the difference in absorption between the test solution and 
a blank of pure sohent of equal depth was measured The absorption is re- 
corded either as percentage of madent hght absorbed (l-//7„), or as extinction 
(optical densit}), log IJI, m which is the incident and 7 the transmitted 
mtensit}’ 

Absorption spectra in the ultra-molet were measured with a Hilger Intermediate 
quartz spectrograph, equipped with a Spekker Photometer, and using a tungsten 
spark as source 
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Animals — The fishes T^hich have been examined mdude the freshwater 
calico bass {Pomoxts sparoides), carp {Cypnnns carpto)i blue gill {Lepamis pal- 
Itdm), and pickerel (£joi reltciilaias), the anadromous white perch (.Uorone amen 
catta), and the manne scup {Stenotomus chrysops) smooth dogfish {Galeorhtnus 
lams), and spmy dogfish (Squalns acanlkias) 

Tie Rettnal Cycle 

Isolated retmas of dark adapted fresh water fishes are deep purple 
in color On exposure to bright dayhght they bleach almost instantly 
to a russet hue, which at 0°C is maintained for hours, even in bnght 
hght This russet material represents the end product of the photo 
chemical reaction 

At room temperatures in moderate hght the imtial russet color 
fades slowly to faintest greemsh-yellow, virtually to colorlessness 
This process occupies about M of an hour at 2S°C It occurs m the 
dark as well as m the hght, and possesses a high temperature co 
effiaent It is an ordmary thermal reaction 
A russet retma replaced in darkness at room temperatures, in addi 
tion to fadmg, also regenerates some porphyropsm, by rough visual 
estimate perhaps 14 of its ongmal content Retmas in intermediate 
stages of fading regenerate less porphyropsm, in amounts roughly 
proportional to their content of russet products The completelj 
faded retina does not synthesize porphyropsm at all 
It may be concluded that m the isolated retina hght bleaches 
porphyropsm to a russet pigment, which is removed by thermal proc 
esses in two directions (o) by reversion to porphvropsm, and (6) by 
irreversible formation of a faint yellow product 
Bleaching of the isolated retma ends, therefore, in the famtly yellow, 
almost colorless condition The retmas of hvmg fish which had been 
exposed to direct sunhght for 15 mmutes and then dissected out either 
in the light or immediately on removal to darkness, possess the same 
virtually colorless appearance Yet t« vivo such retmas rapidly regam 
their ongmal content of porphyropsm m darkness Though the iso 
lated retina cannot synthesize porphyropsm from the famtly yellow 
product, it IS clear that this process occurs readily m the intact animal 
The porphyropsm, like the rhodopsm ^stem, therefore, constitutes 
a cycle withm a cyde Porphyropsm bleaches in the hght reversibly 
to a russet pigment This in turn fades irreversibly to a hght yellow 
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material, wlucli m the mtact eye, though not m the isolated retma, 
IS re-synthesized to porphyropsm 

Vttaimn A 2 and Rehnenes 

Rhodopsm is a conjugated protein bearmg a carotenoid prosthetic 
group The color changes which characterize the rhodopsm cycle 
depend primarily upon alterations in its carotenoid components 
The remarkably parallel gross behavior of porphyropsm in the retina 
suggests that it may be some simple chemical variant of rhodopsm, 
involving the carotenoid or the protein residue, or the linkage between 
them The first of these alternatives proves to be correct, and pro- 
vides a sufficient basis for all the observations The porphyropsm 
cycle, though identical in form with that of rhodopsm, contams new 
carotenoids m the positions of retinene and vitamm A 

This situation is revealed m a simple procedure originally applied 
to marine fishes (Wald, 1936-37, see particularly Fig 1) Its applica- 
tion to the smooth dogfish, a marine elasmobranch, is shown in Fig 1 , 
and to the permanently fresh-water calico bass and pickerel in Figs 2 
and 3 

Right and left retinas of several dark adapted fish are isolated 
separately in dim red hght, so that two symmetrical sets of retmas 
from the same animals result 

One group of these is centrifuged, the clear Ringer’s solution de- 
canted, and the tissue extracted by shaking for 20 minutes by machine 
m darkness with benzine (petroleum ether, boiling range 30 to 60°C ) 
This treatment does not disturb the retinal photopigments The 
mixture is centrifuged, the benzine extract poured off, and transferred 
to 0 3 cc of chloroform It forms a virtually colorless solution The 
whole of this solution is mixed with 3 2 cc of antimony chloride and 
the absorption spectrum of the faintly blue product measured im- 
mediately Marme fishes yield in this test a low absorption band, 
maximal at about 618 mju, showing the dark adapted retma to contain 
a small quantity of vitamin A (Fig 1 a) Extracts from fresh-water 
fishes yield a similar band, its maximum, however, lies at 696 m^ 
(Figs 2 and 3, curves a) 

Followmg extraction m the dark with benzine, the retinal tissue is 
stdl deeply colored with photopigment On exposure to bright light 
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Flo 2 Antimony chloride xeactiQTis 
nith benzjne extracts of retinas of the 
cahco bass (c) The dark adapted re 
tma contams a trace of the 696 m/i 
chromogen, vitamm Aj (6) Irradiated 
retinas, a large amount of the 704 mfi 
chromogen, retmencj has been liber 
ated (c) Faded retinas, theretmenea 
has been converted to vitamin Aj 


Wovelength-m/x 

Fig 1 Antimony chloride reactions 
with benzine extracts of retinas of the 
smooth dogfish (o) Dark adapted 
retinas yield a small amount of the 
618 chiomogen, vitamin A (i>) Ir 
radiated retmas, a large quantity of 
the 664 mp chromogen, retmene has 
been liberated (c) Completely faded 
retinas, practically all letmene has 
been converted to vitamin A 
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Flc 3 Antimony chloride reactions 
"With benzine extracts of pickerel re- 
tinas Otherivise as in Fig 2 


chloroform, is golden in color Tested as before with antimony 
chloride, manne fish extracts yield a high band, maximal at 664 
m/i, the irradiation of rhodopsm has liberated a large quantity of 
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retmene (Fig 1 b) From fresh-water fishes a parallel result is ob- 
tamed, but m this case the antimony chloride maximum hes at 703- 
706 m/x (Figs 2 and 3, curves b) 

The symmetrical set of retmas is exposed to bright fight m Rmger’s 
solution and is left at room temperatures in moderate fight for about 
an hour Durmg this period the retmas fade almost to colorlessness 
Finally they are collected by centrifugmg and extracted with benzme 
exactly as were the others The extracts, transferred to 0 3 cc 
chloroform, are virtually colorless Tested with antimony chloride, 
they yield in the case of marme fishes a high band at about 618 mju 
with fittle or no specific absorption at 664 m/x The fading process 
has transformed the retmene liberated on irradiation quantitatively 
to vitamm A (Fig 1 c) Fresh-water fishes yield a parallel result, 
but the antimony chloride band of the final product lies at 696 m/i 
(Figs 2 and 3, curves c) 

This final state is qualitatively identical with that obtamed by high 
fight adaptation of the living fish, m vivo it reverts in darkness to the 
origmal condition represented by curves a of Figs 1 to 3 The transi- 
tions revealed in this procedure therefore characterize m the mtact 
ammal three stages in the retmal cycle The cycle is identical in form 
m both fresh-water and marme fishes, but in the former a 703-706 
m/x chromogen replaces retmene, and a 696 mju chromogen vitamin A 
No trace of either vitamin A or retmene has yet been found in a fresh- 
water fish retma 

The data of Fig 1 were obtained from four smooth dogfish about 25 inches in 
length Each curve, therefore, was denved from the whole extract of four ret- 
inas Similarly the data of Figs 2 and 3 were obtained from eight calico bass 
about 8 inches m length, and from eight pickerel 10 inches in length 

Similar expenments have been performed with the anadromous white perch 
(c/ Wald, 1937 o) and with the carp, with results essentially identical with those 
of Figs 2 and 3 

These observations were first reported early m 1937 Almost simul- 
taneously Lederer and Rosanova (1937) reported that though the 
fiver oils of a number of Russian marine fishes yield the familiar 
antimony chloride band of vitamm A, those of most fresh-water fishes 
which were exammed yield mstead an “abnormal reaction” consisting 
of a dominant band at about 690 m/x It was clear that the substance 
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which replaces vitamin A m the fresh water fish retma may do so also 
m the liver 

The retmal activity of the new substance demonstrated its vitamm 
nature, while its discovery in hver oils provided a nch source for its 
further investigation This has proceeded with great rapidity The 
696 mju chromogen was shown to possess a direct absorption band m 
ethanol at 345-350 mp It is probably a homologue of vitamin A, 
containing an added ethylene group and the empirical formula Cji 
HiiO (GiUam, Heilbron, Jones, and Lederer, 1938) A pike perch 
liver oil which probably contained little if any vitamin A displayed 
growth promoting activity in rats about equal to that of a hahbut 
hver oil of the same Lovibond value (Giliam cl al ) Rats and frogs, 
which normally contain little or no 696 mp chromogen, accumulate 
this substance in their livers when fed fresh water fish liver oil con 
centrates (Lederer and Rathmann, 1938) A similar accumulation 
may occur naturally in certain fish-eating mammals (GUlam, 1938) 
The distribution of vitamm A and the 696 mp chromogen m a wide 
vanety of animals and tissues has been reported in the papers cited, 
by Edisbury, Morton, Simpkins, and Lovem (1938), and by Wald 
(1938-39) 

Smee the 696 rap chromogen replaces vitamm A m the retmal cycle 
of fresh water fishes, Edisbury, Morton, and Simpkms (1937) have 
suggested that it be called vitamm di’ The retmene analogue m 
these fishes may correspondmgly be called rehncnct These caroten 
Old substances with porphyropsm constitute the known components 
of the fresh water fish visual system 

The direct spectra of rhodopsm and porphyropsm m aqueous solu- 
tion and of the retmenes and vitamms A in chloroform, all brought to 
the same height to facihtate comparison, are shown m Fig 4 They 
were derived from crude untreated preparations resulting from pre- 
cisel> parallel procedures m both systems The photopigment solu- 
tions were aqueous digitonin extracts of alum treated dark adapted 
retmas The retmenes were obtained bj immediate benzine extrac 
tion of irradiated retmas, from which free vitamins A had previously 
been removed by benzme extraction in darkness The vitamins A 

’ C/ footnote m Wold, 1938-39, page 392 
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were obtained by simple benzine extraction of completely bleached 
retinas The solutions of retinenes and vitamins A were therefore 
precisely similar to those which yielded the antimony chloride tests 
shown in curves If and c of Figs 1 to 3 It is clear that the direct 
absorption spectra throughout both systems arc single-handed, and 
maintain a consistent parallelism The significance of these observa- 
tions IS discussed below 
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Fig a Direct spectra of retinal extracts of the calico bass (circles, solid lines) 
and of the marine scup (broken lines) 'J he rhodopsin and porphyropsin prepara- 
tions are digitonin extracts of alum-treated retinas, measured m 1 per cent nque 
ous digitonin solution The retincnc preparations arc crude untreated ben/inc 
extracts of irradiated retinas, measured in chloroform solution, tJic vitamin A 
preparations arc similar solutions of extracts of completely faded retinas All 
maxima have been brought to the same height to facilitate comparison 

Vitamin A 2 is a light yellow pigment found in the non-saponifiablc 
fraction of tissue oils It partitions about equally between 90 per 
cent methanol and ben/ine, and is about 70 per cent hypophasic when 
shaken with 95 per cent methanol and benzine In chloroform it 
displays a broad absorption band maximal at about 355 my, accom- 
panied in all preparations so far examined by a low band at about 290 
my Tested with antimony chloride it yields a high band at 696 my, 
accompanied by a small, broad hump at about 645 my In crude liver 
oils the 696 my band may be displaced to positions as low as 685 my 
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It IS not >et known whether the sateUitic direct absorption at about 
290 m^l and m the antimony chloride test at 645 la/x are due to vitamin 
Aj itself or to a contaminant 

Retinenei is deep yellow m color It is non saponifiable and parti 
tions prmcipally cpiphasically between 90 per cent methanol and 
benzine In chloroform it possesses a broad band maximal at about 
405 mp, and with antimony chloride the best preparations yield a 
band at 706 mp In other preparations the antimony chloride band 
may be displaced as low as 702 mp Retinenej, like retmene, appears 
to change color markedly with hydrogen ion concentration, tendmg 
toward very fight yellow in alkaline and deep orange in acid solution 

Porphyropstn in Aqueous Solution 

Porphyropsm, like rhodopsin, may be extracted mto aqueous solu 
tions of bile salts or digitonin Such solutions are deep purple in color 
A collection of spectra of porphyropsm preparations is shown in Fig 
5, and for comparison the spectrum of a rhodopsin solution from the 
spiny dogfish, prepared m the same manner Above 470 mp the por- 
phyropsin spectra form a homogeneous group, maximal at 522 rt 2 
mp Below 470 mp they diverge, due to the presence of vary mg 
amounts of impurities A minimum has always appeared in these 
spectra, varymg m position with the degree of purity, but approaching 
a low wavelength limit at about 430 mp in the best preparations It 
IS not yet known whether this is characteristic of porphyropsm itself, 
or whether it is an artefact, and the nse m absorption below 430 mp 
due to contammants The porphyropsm band is wider than that of 
rhodopsin, its displacement varying from about 20 mp on the low 
wavelength side of the maximum to about 30 mp on the high wave 
length side 

These spectra are not to be confused with the reputed absorption 
spectra of fish photopigments measured by Kbttgen and Abelsdorfi 
(1896) and since grown familiar in the literature The latter consist 
of a single broad band, fallmg almost syunmetrically away from a 
maximum at about 540 mp to negligible absorptions at about 440 
and 700 mp Kottgen and Abelsdorfi reported in these observations 
onlv the dijferences in absorption between unbleached and bleached 
porphvropsm solutions (“difference spectra") These should be 




Fig 5 Spectra of porphyropsm preparations from anadromousand fresh-v.ater 
fishes, and of a typical rhodopsm preparation from the manne spmy dogfish 
Digitonm extracts of retinas pre-treated %.ith alum, measured in 1 per cent neutral 
aqueous digitonm solution The porphyropsin spectra form a homogeneous 
group, ^^ith maxima at 522 ± 2 mfi, the rhodopsm band is narrov er, and maximal 
at about 500 m/i 



Fig 6 The bleachmg of neutral poiphyropsin Extract of eight alum-treated 
v.bite perch retinas in 2 per cent aqueous digitonm, measured agamst an equal 
depth (5 mm ) of distilled vater The unbleached solution (a) i.as exposed to 
bnght light (about 700 foot candles) for 30 seconds It v as then left in darkness 
and Its spectrum re-measured penodically, curve (5) at 1 2, (c) at 4 6, (d) at 12.5, 
and (c) at 64 5 minutes from the onset of irradiation The final yelloi product, 
brought to pH 11 v ith sodium carbonate, yielded curve (f) Curve (g) is the 
spectrum of the 2 per cent digitonm alone 
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equivalent to true absorption spectra only if porphyropsin bleaches to 
colorless products However, as shown below, under all known cir- 
cumstances porphyropsin bleaches to new pigments , and since at low 
wavelengths the absorption invariably rtses on bleaching, difference 
spectra over this region possess negative values Had Kbttgen and 
Abelsdorff’s measurements extended further into the violet, the con 
fusion of their difference spectra with true absorption spectra could 
not have occurred As it was, they observed negative values in the 
majority of their measurements at 420 mp, but dismissed them as 
“physically meamngless ” Actually the difference spectra of por- 
phyropsin like those of rhodopsin, though on occasion useful for de 
scnptive or analytic purposes, are physically meaningless 

On exposure to bright hght, porphyropsin solutions bleach very 
quickly to deep orange, then more slowly to a straw color which, unless 
exposed to intense irradiation, is maintained indefimtely I have 
examined the bleaching processes spectrophotometrically at various 
pH’s, using procedures applied previously to the study of rhodopsin 
preparations 

Neutral rhodopsin bleaches in a succession of hght and “dark” 
(photic and thermal) processes, of which the latter may account for 
about half the total fall in extmction at the maximum I have dis 
tmguished three dark components m the bleachmg of rhodopsin, only 
one of which appears regularly in neutral preparabons from alum 
treated retinas, while a second becomes prominent in aadic solutions 
(Wald, 1937-38, dark processes H and I respectively) 

The bleachmg of a neutral solution of porphyropsin from white 
perch IS shown in Fig 6 The spectrum of the unbleached preparation 
(o) possesses the characteristic maximum at 522 mp The first re 
corded product of irradiation (5) possesses a broad maximum at about 
510 mp, and higher absorption than porphyropsin itself below about 
460 mp Following irradiation the preparation was left in complete 
darkness The absorption contmucd to fall, maximally m the region 
of 515-520 mp, simultaneouslj nsing below a node at 444 mp This 
thermal change was virtually complete m about 1 hour (e) Dark 
reactions account in this instance lor 34 per cent of the total fall m 
extmction at 520 mp The behavior of this preparation is precisely 
parallel to that of rhodopsin m comparable circumstances (cf Wald, 
1937-38 Fig 3B) 
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The final product of bleaching (e) possesses a spectrum sunilar to 
that of retmenco It varies in color reversibly mth pH, tending 
toward orange in acid and pale 3 ^eIlow in alkalme solution The 
present residue, brought to pH 11 with sodium carbonate, yielded 
curve / Such bleached residues )aeld all their color on extraction nith 
benzine The benzine extract, transferred to methanol or aqueous 
digitonm, exhibits a spectrum similar to that of the whole residue, and 
to retmenes It varies m color with pH as does the whole residue 
It apparently owes its spectral properties to retmencj 

The hght and dark components m the bleaching of porphyropsm 
differ markedly m their effects This is most convementty shomi by 
computation of the difference spectrum which each of these compo- 
nents contributes (Fig 7) The fall in extinction due to the photic 
reaction is maximal at about 540 m/u, and possesses negative values 
below about 460 mju The difference spectrum of the thermal com- 
ponent is maximal at about 515-520 mp, possesses negative values 
below about 445 mp, and a distmct minimum at about 420 mp A 
similar displacement of maximum distmguishes the photic and thermal 
components of bleaching in rhodopsm solutions (compare Wald, 
1937-38, Fig 4) ^ 

The sum of the cun'^es shown in Fig 7 represents the total change 
m absorption on bleaching neutral porph 3 Uopsm This possesses a 
maximum at 535-540 mp The difference spectra of fish photopig- 
ments reported by Kottgen and Abelsdorff consist simpty of the posi- 
tive portions of this composite function 

In alkaline solution the thermal components of bleaching are greatly 
accelerated At pH 9 they are of much the same form as in neutral 
solution, except that the nodal point below which the absorption 
rises IS displaced to about 430 mp Probably due to further increase 
m its velocity, no dark component of bleaching has yet been recorded 
at pH 10 5 or 11 Within 1 mmute from the beginning of irradiation 
at about 25°C the spectrum of the product has reached a stable con- 
dition It IS similar to that of the final product of bleaching in neutral 
solution, brought to the same pH (Fig 6/), and does not change 
further m darkness (compare Wald, 1937-38, Fig 7) 

s It should be noted that m the earher figure the ordinates of the dark com- 
ponent of bleaching of rhodopsm had been multiphed throughout by 4 
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lu acid solution the thermal component of bleaching is greatly 
retarded and probabl) for this reason a second dark reaction appears 
The bleaching of a blue gill preparation at pH 3 65 is shown in Fig 8 
The first recorded product of irradiation possesses a broad hump max 



Vavcleng Ih “ nyz 

Fig 7 Changes m absorption which accompan> the bleaching of neutral 
porphyropsm ( ‘difference spectra ), taken from the data of Fig 6 Positive 
values indicate decrease and negative values increase in absorption Open 
circles show the effect of the light reaction (Fig 6 closed circles those of the 
‘ dark processes (Fig 6 h-e) Bleaching due to hghl is maximal at about 540 
m /1 that due to thermal reactions at about 515 m/i 

imal at about 510 m^i and higher absorption than porphyropsm itself 
below about 470 m/i (b) Thereafter in darkness the absorption 
rises slowlj m the region of 460 raji, simultancouslj falling to either 
side of nodes at about 540 and 425 m/r (c, d) This change is precisely 
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analogous to dark process I in rhodopsm solutions Within 10 to 15 
mmutes this development reaches its peak and the absorption begms 
to fall over the entire spectrum above about 410 m^u After many 
hours It reaches a stable condition which is the aadic analogue of the 
final product m neutral and alkahne solutions (e) AU these changes 
are preasely parallel to the behavior of rhodopsin m comparable 
circumstances (Wald, 1937-38, Figs 5 and 6) 
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Fig 8 Bleaching of porphyropsin at pH 3 65 The unbleached solution (o) 
was irradiated with about 500 foot candles for 30 seconds, and the spectrum 
thereafter recorded periodically in darkness, 5 at 2 5, c at 5 5, and d at 8 5 minutes 
(retraced at 15 5 minutes) 26 5°C After 20 hours more in darkness, the 
spectrum had fallen to c 

It may be concluded that m ever}’^ detail so far examined the be- 
havior of porph3Topsm solutions parallels that of rhodopsm, but the 
spectra of porph}Topsm and of all its products of bleachmg are dis- 
placed uniforml}^ 20-30 m/i toward the red Porphyropsm in solu- 
tion bleaches m a sequence of hght and dark processes, a final product 
of which is retmeneo 

Porphyropsm as Proletn 

Many of the observations of Ewald and Kuhne on rhodopsin show 
It to be protem in nature (Wald, 1935-36) Recently this aspect of 
rhodopsin chemistry has been further investigated Hecht and 
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Pickels (1938) have exammed frog rhodopsin in the ultracentnfuge, 
and conclude from its diffusion and sedimentation properties that it 
IS monodisperse and possesses an apparent molecular weight of 200,- 
000-270,000 Lythgoe and Qudliam (1938) have re examined the 
heat destruction of frog rhodopsin in digitomn solution and find an 
apparent activation energy of about 45,000 calories per mol Elec- 
trophoretic measurements on rhodopsin solutions from grass and bull 
frogs {Rana piptens and calesbtand) by the movmg boundary method 
show this pigment to be amphoteric and to possess an isoelectric 
point m the neighborhood of pH 4 5 (Wald and Eaymont, unpublished 
observations) It may be concluded that rhodopsm is a conjugated 
carotenoid protein 

The qualitative observations which led to this conclusion have been 
repeated with cahco bass porphyropsin This pigment does not 
diffuse through a wet collodion membrane when dialyzed agamst 
solutions of phosphate buffer (pH 5 9), digitonm, or egg albuimn 
It IS not preapitated from dilute solution by half saturation with 
ammomum sulfate, but does precipitate at about 0 8 saturation 
Porphyropsm m the retma is destroyed almost instantly by exposure 
to normal solutions of K.OH, HCl, or HjSOi In concentrated am 
monia water (25 per cent NHj) it is decolorized within about 2 mm 
utes, m methanol within 15-30 seconds, in ethanol, chloroform, or 
acetone within 2 to 3 mmutes (W^C ) The color of the final product 
of these treatments in the retina displays the reversible pH lability 
of retmenej, it is deep orange in acid solution, straw colored in neutral, 
and famt greenish yellow in alkahne media 

Dark adapted retmas retain an mtense purple color m concentrated 
zme chloride solution, on irradiation they bleach to a bright orange 
color which is mamtamed indefinitely In mercuric chloride solu 
tion (pH 3 2) dark adapted retmas turn bright pink, and this color 
does not change appreciably on irradiation In mercuric acetate 
(pH 3 7) retmas turn deep yellow in the dark within 20 minutes at 
about 20°C , and are not further affected by exposure to hght 

Porphyropsm in the retma is destroyed by warmmg to temperatures 
above 62°C At 66 to 67° it is decolorized within 3 to 4 mmutes, at 
72 to 73° within 30 seconds The product of heat, like that of chem- 
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1C3.1 dcstructioHj is light straw m color when neutral, and. changes in 
color reversibly with pH 

Its non-diffusibihty, salting-out properties, and sensitivity to com- 
mon protein denaturants and to heat indicate that porphyropsin, 
like riiodopsm, is a conjugated carotenoid-protein On denaturation, 
as on irradiation, it jnelds orange or yellow products and eventually 
retinenez But the further conversion of retinene? to vitamin A 2 
characteristic of the “native” retma has not been observed in retmas 
treated with denaturants Apparently denaturation, either of the 
protein residue of porphyropsin itself or of some essential retinal 
component, perhaps an enzyme, blocks this process 


CONCLUSIONS 

All the foregoing observations may be united m the following dia- 
gram of the porphyropsin cycle 
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Isolation of the retma cuts this cycle at point ( 3 ), the processes 
initiated by light end in the production of a quantity of vitamin As 
Denaturation'of the retma, or extraction of porphyropsin into aqueous 
solution virtually eliminates in addition processes (1) and (2), and 
leaves only the succession of photic and thermal reactions which form 
retinene 2 This formulation is not intended to present the actual 
course of these changes rigorously Certain of them may be further 
complicated by intermediate and side reactions The equations are 
designed specifically to represent the knoivn empirical relations among 
the three most stable loci of the porphyropsin system 
In every particular so far examined, in the retina and in solution. 
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this and the rhodopsin system exhibit parallel behavior Yet a uni 
form displacement in spectrum divides all components in each cycle 
from their analogues in the other The significance of this relation- 
ship IS now reasonably clear 

Vitamm Ai appears to be the next higher homologue of vitamin Ai 
possessing one added ethylenic linkage, and hence one added double 
bond (Gillam cl al , 1938) Hausser, Kuhn, and Smakula (1935) 
have shown that m a homologous senes of synthetic polyenes m benzol 
solution the addition of a con)ugated ethylene group shifts the ab 
sorption maximum 20 to 27 mfi toward the red The vitamin A> 
maximum m chloroform lies just 27 mji from that of vitanun A 
This displacement is therefore consistent with the proposed structure 

However, this same range of displacements separates the absorption 
rnaxmia of all components of the rhodopsin and porphyxopsin systems 
(Tig 4) The maxima of the retmenes are about 18 m/i, those of 
the photopigments about 22 m^ apart Similar dificrences divide 
the mtermediates of bleaching m solution m the two systems 

We may conclude, therefore, that the primary chemical dilletence 
between the rhodopsin and porphyropsin systems as a whole is the 
possession by the latter of one added ethylene group This accounts 
not only for all the observed spectral displacements, but explains the 
otherwise extraordinary parallelism in chemical behavior in the two 
systems For the introduction of an added ethylene m the polyene 
chain should affect the ordinary chemical performance almost neg 
hgibly By this very simple variation of a structure common to all 
other types of vertebrate, the fresh water fishes have evolved tbeif 
distmctive visual system 

This situation offers an important commentary on the general 
problem of color vision It has been recognized since HelmholU 
that trichromatic vision demands three types of retinal elements 
which vary in spectral sensitivity In animals like the chicken, 
pigeon, and certain turtles, whose cones are equipped with three groups 
of color filters, this requirement can be met with a single cone photo 
pigment (Wald and Zussman, 1938) In other animals including man, 
where there is no evidence of similar structures, one has been led 
to assume the existence of three distinct photopigments which vary 
in their absorption spectra (c/ Hccht, 1937) It seems clear from a 

h 
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Wide variety of physiological data that none of these pigments is 
rhodopsin, and the recent extraction of a distinct cone photopigment, 
lodopsin, from chicken retmas has confirmed this behef (Wald, 
1937 b, see also Chase, 1938) 

I thmk It has not previously been stated that in addition to differ- 
ences in absorption spectra, the hypothetical cone photopigment 
systems must satisfy a further requirement Each system must 
mamtam its position relative to the others m all illuminations and at 
all stages of adaptation If this condition were not fulfilled, the qual- 
ity of the sensation would vary widely with adaptation, and the asso- 
ciation of a specific color with an illuminant would be impossible 
To form a consistent color vision system, therefore, the cone photo- 
pigments must exhibit precisely parallel chemical behavior, even to 
the extent of possessing roughly equivalent kinetics in all their retmal 
reactions 

Comparison of the rhodopsin and porphyropsin systems shows how 
both these cnteria may be fulfilled simply and elegantly By small 
vanations m the number or arrangement of double bonds in the polyene 
nucleus, a number of photopigments might be obtained, varying 
shghtly or widely in their spectral characteristics and consistently 
parallel in all their chemical activities 

SUMMARY 

1 In the rods of fresh-water and some anadromous fishes, rhodopsin 
is replaced by the purple photolabile pigment porphyropsin This 
participates in a retmal cycle identical m form with that of rhodopsin, 
but m which new carotenoids replace retmene and vitamin A 

2 Porphyropsm possesses a broad absorption maximum at 522 
± 2 mp, and perhaps a minimum at about 430 m/i The vitamin 
A-analogue, vitamin As, possesses a maximum in chloroform at 355 
mfi and yields with antimony trichloride a deep blue color due to a 
band at 696 mp The retmene-analogue, retmencs, absorbs maxi- 
mally m chloroform at 405 mp and possesses an antimony chloride 
maximum at 706 ra/x 

3 Its non-diffusibility through a semi-permeable membrane, 
saltmg-out properties, and sensitivity to chemical denaturants and 
to heat, characterize porphyropsin as a conjugated carotenoid-protein 
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4 The porphyropsin cycle may be formulated porphyropsm ^ 
rctinenes protein vitamin Ai protein Tn porphjropsm Isolation 
of the retina cuts this c>cle at (3), denaturation procedures or ex 
traction of porphyropsin into aqueous solution eliminate in addition 
(1) and (2) 

5 The primary difference between the rhodopsm and porphyropsin 
systems appears to be the possession by the latter of an added ethyl- 
emc group in the polyene cham 
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1 

The first experiments testmg the dependence of the form and other 
properties of the flicker response contour upon temperature' failed to 
disclose any simple relation between critical intensity and temperature 
They did demonstrate that for the sunfish Enneacanlhus and for the 
nymphs of the dragon fly Anax there occurs no appreciable change of 
the maximum (F„„ ) over the range 12 4 to 27 3°, and that the shape 
of the F — log I„ curve is not influenced by the temperature The 
general theory of the interpretation of the flicker response contour 
requires that the first derivative of F tu log with respect to log I 
give a frequency distribution of the elements of effect concerned in the 
deternunation of the threshold response (this is not a frequency dis 
tribution of log I thresholds for the receptor or central umts providmg 
these effects) , at a given F, I„ is the mean mtensity required for the 
activation of a summed total number of the sensory elements sufficient 
to cause the response to occur If these elements form at anv instant 
a frequency distribution of thresholds of excitabihty which is “nor 
mal,” then the frequency distribution of d{l/I) should be normal, if 
these elements fluctuate in their capaaty to contnbute to the deter 
mination of the result measured, then, a finite time being involved in 
the process of excitation, the distribution of <i(— log I), or of d(log I) 
for the effects produced will be normal The curve of F — log 7 will 

' Crozier, W J Wolf, E , and Zerrahn Wolf, G . 1936-37 a J Gen Physiol 
20, 393 1936-37 b 20, 411 

’1936-37,7 Gen Physiol 20,411 1937-38,21,17 313 
795 
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be a probability mtegral In structurally uncomplicated cases^ < 
this IS the fact In duplex visual systems® the separation of the con- 
stituent populations of sensory effects is rationally made and tested 
analytically on this basis The behavior of the parameters of the 
probabihty integral, with respect to number of retinal elements 
(area),® and to hght-tmie fraction in the flash cycle,’ » is entirely 
consistent with this conception So also is the quahtative fact that 
with elevation of temperature the F — log I contour is simply moved 
to a lower place on the temperature scale, without change of shape or 
change of maximum ordmate ’ ^ Elevation of temperature simply in- 
creases the excitabdity (1//) of each elementary umt concerned, it can- 
not be held to modify the magnitude of the contribution made by an 
element to the determmation of the response, since neither the shape nor 
maximum of the F — log I contour is modified This also supphes a 
functional proof that the elements m a population behaving in this 
manner do m fact constitute a homogeneous population the processes 
govermng exatabihty are of the same kmd in all the elements of such 
a population, since their arousal is influenced by temperature to 
quantitatively the same proportionate extent 
It was shown® that for the turtle Psetidemys the value of 1/7 for 
two fixed levels of F follows the rule obeyed by the velocities or fre- 
quenaes of very many biological processes,® includmg among other 
thmgs such phenomena as the reciprocals of the latent times for photic 
responses with 7 constant The reciprocals of the critical intensities 

® 1938 o, Ftoc Nat Acad Sc , 24, 125, 1938 b, 24, 216 1938-39, J Gen 

Physiol , 22, 311 

*1939-39 a, J Gen Physiol, 22, 451, 1938-39 6, 22, 555 1938, Proc Nat 

Acad Sc , 24, 538 

® 1936-37 a, J Gen Physiol , 20, 211, 1936-37 6, 20, 393, 1937-38 o, 21, 17, 
1937-38 b, 21, 203 1938, Proc Nat Acad Sc , 24, 125, etc 

® 1937-38, J Gen Physiol , 21, 223 Cf also Crozier, W J , 1937, Proc 

Nat Acad Sc , 23, 71 

’ 1937-38, J Gen Physiol , 21, 313 
® 1937-38, J Gen Physiol , 21, 463 

® Crazier, W J , 1924, Proc Nat Acad Sc , 10, 461 1924-25, J Gen Physiol , 

7, 189, 1925-26, 9, 531 Crozier, W J , and Stier, T J B , 1924-25 a, J Gen 

hysiol , 7, 429, 1924-25 b, 7, 699 

10 Hecht, S , 1925-28, J Gen Physiol , 8, 291, 1926-27, 10, 781, etc 
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iot reaction to flicker measure the speeds of the “dnvmg” processes 
leadmg to the eventuation of the index response This is the deter- 
mination of levels of excitabihty govermng the measured value of the 
flash lUummation responsible for reaction to flicker at a gi\en flash 
frequency The Arrhemus equation descnbes the dependence of l/I 
upon temperature, — and with values of /i, the temperature charac- 
teristic or apparent critical mcrement, which are found m a number of 
other biological processes 

When the F — log curves for sunfish and Aftax were exammed 
at three temperatures it was noted' that mstead of finding log (1//) 
a rectihnear function of reaprocal absolute temperature, as reqmred 
by the Arrhenius equation, the plot was concave upward This could 
easily result from the complexity of the process measured, if two or 
more concurrent processes should be simultaneously concerned m 
determmmg the sensitivities of the individual elements of exatabihty 
It was accordingly suggested' that the phenomena of response to 
flicker were probably too complex for treatment m a simple, direct 
way as a function of temperature The results with Pseudemys^ 
showed that this conclusion was probably too superfiaal It should 
mdeed have been recognized* that measurements at three tempera 
tures could not gi\ e a clear result in the event that their span mcludes a 
critical temperature " On either side of a critical temperature there 
may obtam a different slope constant (p) for dependence upon temper 
ature, or a change m veloaty without change of p The former 
occurs in the data from Psctidemys The pecuhar feature of the 
measurements with the sunfish, an apparent mcrease of “p” with 
rising temperature, has been resolved by a careful re-examination of 
this case " It turns out that one of the rare occurrences of a higher 
p on the higher temperature side of a critical temperature (ca 20°) 
was responsible for our original deductions,' and that in fact Ifl 
behaves as it should if governed by the veloaty of reactions m a cate 
nary cham of which one or the other of two catalytically different steps 
IS in control, dependmg on the temperature range 

" CroziCT W J , 1924-25, J Gen Physiol , 7, 123, 189 1925-26 9, 525 
Croaer W J and Wolf E 1938-39,/ Gen Physiol 22,311 

" 1938-39 / Gen Physiol , 22, 487 
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In the meanwhile a good deal had been learned about the nature of 
the flicker response contour as obtained ivith arthropods Forms such 
as Anax, Cambarus,^^ Uca, Apis, Drosophila, provide curves of visual 
excitability (flicker, visual acuity*'*) which depart in a consistent 
manner from the probability integral formulation This has been 
traced to the fact that these arthropods have large, convex optic 
surfaces The departure is consistent with the view that conditions 
of test which demand the action of a higher intensity of illumination 
permit the involvement of ommatidia further around the margin of 
the eye than can be stimulated under conditions of lower illumination 
Up to a certain level of intensity, consequently, conditions (such as 
mcrease of flash frequency) which necessitate the use of higher in- 
tensities for the response, result in a virtual enlargement of the effec- 
tive retinal area, and thus of the total number of neural elements 
implicated, and so lead to an augmentation of the level of critical 
effect (and of I) at the point of response ® Beyond a certain level of 
intensity this effect is no longer a factor and the F — log I data beyond 
this point adhere to the typical probability curve This conception 
has been tested, with concordant results, through the effects obtained 
by blocking out parts of the retinal surface in Anax,^ and in Cam- 
barus,'^^ and by altering the proportion of light tmie to dark time in the 
flash cycle ® It is also supported by the fact that in an arthropod 
with the most highly convex eyes {Caniharus) the distortion of the 
F — log I curve is more extreme,*’ and particularly by the fact that 
m a sufficiently flat-eyed form (Asellus^) no distortion of this kind 
appears at all 

It IS consequently of peculiar interest to re-examine the dependence 
of the Anax F — log Im curve upon temperatuie with the utmost care 
and precision possible The data thus far available* indicate un- 
mistakably that the curve of log I// is probably concave upward We 
have considered* ® that the shape of the curve could not be said to be 
significantly altered by temperature, although we have stated the fact* 
that the crude temperature coefficient of 1// is, as the data stood, to 

*’ 1939-40, J Gen Physiol , in press 

** 1937-38, J Gen Physiol , 21, 223, 1938-39 a, 22, 451, 1939-40, m press 
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Some extent a function of the flash frequency The speaal signifi- 
cance of this case arises in two waj s If the effect referred to be real, 
we could perhaps ohtam a quantitative key to the r61e of intrinsic 
cxatabihty of the ponpheral units in the determination of the form of 
the F — log / contour In the second place, if it should appear that, 
apart from this effect, the Arrhenius plot of I/I vs l/Tah is uneqmv 
ocalI> concave upward, rather than composed of two mtersecting 
straight lines, as in the case of the sunfish,*- we would be m possession 
of one of the really rare instances among man> biological phenomena 
thus far examined for which this special condition is to be observed 
The theoretical mterest of such cases is considerable, their analysis 
should present no particular difficultv, and is of first rate importance 
for the theory of temperature characteristics * Experience over a 
period of some vears has demonstrated that our sources of Anax 
larvae provide animals exhibitmg a number of features of quantitative 
consistency with respect to the properties of measurements significant 
in such an inquirj The effect sought is m one sense comparatively 
slight, as could be expected theoretically (see Section IV), the m 
frequent occurrence of mstances of the land found in the data on 
Znncacanlhus'- led us to expect that this particular type of dependence 
on temperature might not, as a matter of sheer probabihty, occur in 
Ahox as well Certain purely' mechanical considerations, already 
referred to, reinforced this expectation Our experiments have ac- 
cordmgly been planned m a maimer calculated to provide a critical 
test of the curvilinear or rectilmear character of the data to be ob- 
tamed with Aiiax when displayed upon an Arrhenius grid 

in 

At closely spaced mtervals of temperature, with a homogeneous'* 
group ot individuals, measurements were made of critical intensities 
for response of Aiiax nymphs to visual flicker at each of two flash 
frequencies, F = 20 and F = 55 The first flash frequency is at the 
center of the region of the F — log I„ curve which departs from the 
probability integral curve '* the second is in the upper, orthodox part 
of the curve The time order of the temperatures used was arranged 

“ Crozier, W J , 1936, Prac Nat Acad Sc , 22, 412 Croaer, W J , and Hoi 
ivaj A H 19a7, Proc Nat Acad Sc 23,23, etc 
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to reveal drifts of excitabilit}'^ with time and experimental histors’’ 
durmg the observations, none were noted The uniform technic of 
observation and of calculation of the entries m the tables has been 
discussed m some detail m earher papers/ and need not be repeated 

Table I contains observations drawn from our data secured with different lots 
of Amx larvae over a period of several years, showing the kind of reproducibility 

TABLE I 

Mean critical flash intensities, and the P E of the dispersions, from observations 
on marginal response to visual flicker in different lots of ten individuals of Ana-c 
jmniis nymphs, over a period of 4 years, at 21 5°, with hght time fraction m the 
flash cycle = 50 per cent Data from earlier reports'^ and (boldface type) from 
the present experiment 


F =20/«c 


!og/m 

log P E 1 /, 

ml 1 

ml 

2 4S81 

3 2248 

2 4850 

4 9845 

2 4876 

4 7237 

2 4729 

4 7236 

2 4778 

4 8494 


F “ 30/jcc 




2 7403 

4 9216 

2 7449 

3 4360 

2 7486 

3 1225 

2 7416 

4 8608 

2 7497 

4 8976 


F “ 55/kc 


1 7356 

2 4538 

i 7071 

3 8599 


obtained There is, of course, no reason at all for expecting identity of critical 
intensities, or of intrinsic vanabihty, in lots of individuals from different sources 
The sort of difference shown by the data in Table I is also found in experience 
with other kinds of animak At F = 20 the new observations (In,) arc 

consistently just a little below those obtained in 1935-36 (at the same season 


1938-39, J Gen Physiol , 22, 463 
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of the year), and also at F « 55 This is of no importance for the Subsequent 
analysis 

Table II contains values oi mean critical intensities at respectively 
F = 20 and F = 55, at various temperatures The temperatures 


TABLE n 

Mean cntical intensities Imt and the probable errors of the dispersions (P E 
at various temperatures for two flash frequencies (F ■» 20 per second, and F ■■ 
55 per second), for nymphs of Anaxjunxtts is the mean temperature during 
the period of test (see text) Equally long hght interval and dark interval m 
the flash cycle The same ten individuals were used throughout Three obser 
valions on each of these gave thirty determinations of at each pomt 



Fw 

Fm 

1 irr 

loiU 

loft P E.1^^ 

log 


8 52 

2 6366 

3 1339 

0 0426 

i 1804 

10 6 

2 7963 

3 0730 

i 9821 


12 6 

2 7194 

3 0565 

i S7S6 

2 3197 

13 7 

2 7062 

4 9411 

i 9186 


IS IS 

2 6933 

3 1464 

i 8467 

2 1123 

16 7 

2 6401 

4 9661 

l 8411 


18 05 

2 6887 


1 7924 

2 1136 

19 8 

2 5421 

4 9595 

1 7334 


21 S 

2 4876 

4 7237 

i 7071 

3 8599 


2 4729 

4 7236 




2 4778 

4 8494 



23 42 

2 4214 

4 7993 

i 63a 

3 8386 

25 40 

2 3619 

4 7766 

1 5640 

3 8150 

27 IS 

2 2801 

4 6436 

i 4790 


28 85 

2 2082 

4 7574 

1 4086 

3 6183 

30 45 

2 1670 


1 3647 


33 40 

2 0633 

4 3764 


3 4697 

35 8 

3 9547 


1 0730 

3 7817 




1 0680 





i U29 

3 5813 


listed are mean temperatures m the aquaria during the period of 
observation * The animals were dark adapted for several hours at 
a particular temperature, m a thermostat The temperature of the 
water m the individual aquaria changes by several tenths of a degree 
at most during the observations, depending on the distance from room 
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temperature (ca 21 5°) These deviations, adjusted to the mean 
interval of observation by thermometer -readings, are probably less m 
the substance of the Anax nymphs Experience with these animals, 
however, unmistakably indicates‘^ that the rate of adjustment of 
body temperature under the conditions imposed is so rapid that the 
effective temperature cannot be in any case far from that tabulated 
Deviations of mean temperature of 0 2° could not possibly affect the 
direction of the interpretation which the data demand The same ten 
individuals were used throughout the experiment The behavior of 
these individuals, as objectively indicated by the variations of the 
measurements, was very similar 


IV 

We have first to examine the plottings of log 1/In as a function of 
1/Tai, , with reference to rectilincanty These arc given in Fig 1 
It is apparent that, as found previously,' the temperature coefiicicnt 
for l/I docs increase with rising temperature The increase is smooth 
and regular Thermodynamically this is impossible unless the net 
result (end-point effect) is determined by the summation of the effects 
of two or more concurrent processes, each proceeding independently 
over the whole range of temperature Close inspection of the data 
shows, making all reasonable allowance for the variation of tempera- 
ture at each point and the (constant)'® relative variability of l/I 
for each F, that the course of the measurements m Fig 1 cannot be 
described other than by a curve In the somewhat (but only super- 
ficially) similar sunfish data'^ the use of a curve rather than two 
separate lines is forbidden by the obvious properties of the data 
The situation in the sunfish'® and turtle® requires the assumption that 
at a critical temperature, 20" db in the former case, 30° in the latter, 
there occurs a change from one pacemaker process to another, ivith the 
sunfish the controlling process above 20° has a higher fi than that 
below, the “break” in the curve at the critical temperature is clean 
and definite The mechanism of such changes presents a problem 
requiring separate discussion ® 

'7 Crozicr, W J , and Stier, T J B , 1924-25, J Gen Physiol , 7, 429 

'® Crozier, W J , 1935-36, J Gen Physiol , 19, 503, Crazier, W J , Wolf, E , 
and ZcrrahnAVolf, G , 1937-38, J Gen Physiol , 20, 363, 393, 21, 223, 463 



Fig 1 \/lm for response of Amx monphs to visual flicker at vanous flash 
frequencies (tc *=• as a {unction of temperature Solid dots data of Table II 
Open circlets data from an eailiei leport * Log l/f« is not a lectilmeai function 
of 1/r b the curve is contmuouslj concave upv.’ard 
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It IS a striking fact in the large bod}* of data having to do rnth tem- 
perature and the speeds or frequenaes of biological processes that 
extremel}' few instances occur in which the temperature characteristic 
p. increases smoothly with rise of temperature, gl^'mg a continuously 
curved Arrhenius plot concave upward Such a graph mdicates 
plainl}* that at least two different processes are contnbutmg simulta- 
neously and mdependenth* to the governance of the mdex end-point 
That such curves are found to be evtremeh* rare is a powerful argu- 
ment m support of the general proposition that rectihneant}- in the 
Arrhenius plot properly signifies essential simphaty m the pacemaking 
reaction,^*’ this is supplemented by the fact that the constancy of the 
relative rurm/mw of performance requires the operation of a smgle 
rather than of a compound si'stem of control I^Tien the Arrhemus 
plot for over-all veloaties in a purely chemical S3'5tem is concave 
upward the method for analysis of the data is, however, perfectly 
straightforward^ and can be used to resolve the complexity of the 
situation with, in favorable cases, recogmtion of the contnbutmg 
factors 

In the present data we have additional features prondmg mtemal 
confirmation of the applicabilit}* of the anal} sis 

V 

The expenment was designed to rex eal the occurrence of any change 
in the form of the F — log I curve produced bx altermg the tempera- 
ture One flash frequency (F = 20) was chosen near the center of 
that portion of the ,4;ma curx'e which departs widely from the proba- 
bihty mtegral - where the departure (m terms of F) is greatest The 
other flash frequencx' (F = 55) was chosen on the part of the curve 

” Croaer, W J , 1024-25, J Gen PJ \sw } , 7, 189 

^ Crorier, W J , and Fedenghi, H , 1924-25, J Gen Physiol , 7, 565 Proc 
Xai Acad Sc, 11, SO Crozier, W J, and Stier, T J B , 1924-25, J Gen 
PJasicI , 7, 429, elc Crozier, W J 1920, m Murchison, C , The foundations^of 
experimental psx chology, Worcester, Clark Unix ersitx Press, pp 45-127 1935, 

Detenninisme et x-anabilite. Pans, Hermann et Cie, 56 pp 

Xomsh, R G W , and Rideal, E K , 1923, / Clew Soe , 123, 696, 16S9. 
3202 Hinshelvrood, C N , 1929, The kineUcs of chemical change m gaseous 
sx-stems, Oxford, Clarendon Press, 2nd cdiUon. 266 pp 

riy jP/nnoJ , 1036-37, 20, 363, 393 1037-38, 21, 223, 46o 
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■which adheres to the probabihtj integral If F™, is really unaffected 
by change of temperature, and if the shape of the curve is unmodified, 
then the difference between log for = 20 and F = 55 should be 
constant at all temperatures This, of course, means siahsltcally 
constant, since each carries with it a measure of the dispersion of 
the distribution of A’s from which it is obtained In the lower portion 
of the — log I graph the departure from the fundamental probability 
mtegral is easily modified, in Aitax, by altermg the light time fraction' 
or the retmal area ‘ The theory of the departure from the funda- 
mental curve" “ ' IS that in the lower part of the graph increasing 
critical intensities involve slightly larger effective retmal areas, because 
of the convexity of the optic surface The same result could, however, 
conceivably be brought about by increasing the photic excitability of 
the individual receptor umts It would not be surprismg to find that 
mcrease of temperature should do this, so that the discrepant part of 
the curve should be made to approach the probabihty integral more 
closely On the other hand, mcrease of temperature lowers the critical 
lUurmnation at any fixed F, with retmal area constant, so that m the 
distorted part of the graph the net result might easily turn out to be a 
counterbalancmg of the increasing sensitivuty of the retmulae bj the 
mechanically reduced effiaency of the critical illumination A careful 
consideration of the variation of hai F — 20 and at F = S5 should 
make it possible to detect the action of two such factors If F„ , 
IS found to be independent of temperature' as it is m other instances 
not mvolvmg the matter of gross optic morphology' it cannot be 
mamtamed that the total number of available sensory elements is 
affected 

The differences between log I„ for F = 20 and 7" = 55 (Table H) 
are plotted m Tig 2 It is apparent that -with the possible exception 
of the measurements at 35 8° the differences are in no sense significant 
With this exception, the fluctuation in Alog is noticeably greater 
at IS-lfi'C than elsewhere, a fact not without possible meamng in 
view of the subsequent anal) tical discussion Shght day to-day 
differences in excitability do not influence these comparisons, masmuch 
as the measurements at = 20 and F = SS at each temperature were 
made on the same day The observations m one set at T = 55 for 
35 8° required the use of critical mtensities at a comparatively un 
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Fig 2 As a test of the constancy of the shape of the F — log 7m curve with 
temperature varied, the interval A log between log for F = 20 and F = 50 
IS plotted as a function of temperature The dashed lines are drawn at ± 2 X 
mean P E a Only at 35 8° is there suggestion of change See text 


TABLE III 


Mean critical intensities for response of Afiax at 35 8°, at several flash fre- 
quencies, and mean critical flash frequencies, and mean critical flash frequencies 
at higher mtensities, = to 


R/sec 

log/m 

log P E 

log! 



30 

2 1669 

4 4017 




40 1 

2 3816 

4 7126 




45 

2 6143 

4 7575 




50 

2 7617 

1 

3 0318 

I 00 

64 38 

0 435 

55 

1 0680 

3 1021 





, i 0730 

3 7817 





1 i 1129 

j 3 5813 




60 

I i 9681 

! 3 1523 

0 00 

60 59 

0 408 



! 

1 00 

61 29 

0 377 




1 50 

61 64 

0 220 





61 36 

0 299 





61 33 

0 257 





61 68 

0 316 


fortunate steep place on our calibration charts^^ of intensities m the 
apparatus, that this did not fundamentally influence either Jm or 

C/ J Gen P/i3'5Jol , 1936-37, 20, 211 
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(Tf, IS, however, made clear by the other tests made at the same P 
with other lamps and their more favorable calibration curves (Tables 
II and III) It IS indicated by the subsequent discussion that m all 
probability the departure of A log at 35 8® is due to the exceptional 
behavior of log at F == 55, rather than at F = 20, log at F =55 
IS 0 03 to 0 09 log unit lower than it “ought” to be, and h is too van 
able 

The theory of the asyrometncal F — log / function for arthropods with quite 
convex eyes holds that, up to a certain intensity increase of I is able to recruit 
activity from the periphery of the optic surface because of hght leakage through 
the substance of the eye “ At a particular flash frequency, therefore, such as 
F « 55 if the required critical intensity is reduced — as by raising the temper 
ature— it should be possible to bring the intensity to a level such that the involve 
ment of tangentially affected receptor units would be a significant factor At 
temperatures up to 33“ there is no evidence that this is actually the case (Tig 2) 
Examination shows that a temperature of 35-36®, however, bnngs log just 
to the upper edge of the lower portion of the F — log Im graph which at 21 5® 
departs from the probability integral,^* so that additional recruitment of marginal 
elements might clearly be detectable Since however, determinations at other 
flash frequencies demonstrate a change in the form of the curve at 35 8®, it is 
necessary to appeal also to recruitment based upon the increase of peripheral 
exatabiUtics with nse of temperature These data are contamed m Table HI 
By comparison with determinations at 21 5®*^ it is seen that the differences 
A log Im betw een determinations at 21 5 and at 35 8® increase slightly but rather 
regularly around F « 55 


F 

Alo? Im 

(los Im at 3U*} - (loz a /m at 35 8*) 

20 

0 525 

30 

0 586 

40 

0 592 

45 

0 574 

SO 

0 589 

55 

0 655 

60 

0 610 


It would not be unreasonable to find that with decreasing flash time (I/F) 
this effect could be decreased As Table III shows at log I « 1 50 (correspond 
ing‘* to log I « 2 1+ at 21 5*) F« is 61 33 to 61 64 (mean •=« 61 475) This 

agrees very well with the corresponding 61 42 at 1 84 obtamed at 21 5 The 

theoretic value of Fmo was there taken as ■■ 61 48 for the data at 35 8® the 

same value is best for the older measurements, at 21 5 , Fna* for the data 
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was 61 1, and m the present senes 60 9 The agreement must be regarded as 
quantitative, on a probabihty grid (Fig 3) the slopes are identical, showing that 
c tee I for the underlymg frequency distnbution of sensory effects is not materially 
affected by temperature P E (Table III) ,s of the order of magnitude found 
m earher measurements, taking into account the fact that the curve is shifted 
on the log / axis, but the values at E = 60-61 are a little high 



Fig Z F vs log on a probabdit)' gnd, at 35 8° and at 21 5° Discussed in 
the text (The point of largest departure, at log 7 = 1 0, deviates by only 0 2 
per cent of 61 5 ) 


The lower part of the 35 8° graph, the discrepant portion, is, however, a httle 
closer to that for 21 5° than the upper, straight part The junction of the t\so 
segments of the graph (Fig 3) is definitely more rounded, and runs to a higher F, 
at 35 S° than at 21 5° This plainly indicates that in this part of the graph the 
lonermg of cntical intensity at fixed F induced by raising the temperature has 
also brought nith it a shght reduction in the effective retinal area There is no 
sign that increased penpheral excitabilities haxe sufficed to really counterbalance 
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this effect We are justified, hov/evcr, m supposing that such a factor is operative 
to some extent The evidence is mainly indirect At constant temperature the 
variation of critical intensity and the mean cntical intensity are in direct pro 
portion This is the relationship expected if l/I is a measure of the driving 
force required to eventuate the response ' * Similarly, if a velocity of (chemi 
cal) change is a measure of the driving potential, vre find the vanation of physi 
ological effects proportional to such a velocity to be directly proportional to the 
mean veloaty Clearly, if the vanation is intrinsic to the reacting or performing 
hving system concerned, the magnitude of the proportionality constant should 
bear some relationship to the complexity of the controUmg events Examples in 
which the vanation of performance is still proportional to the measure of average 
performance, but v.uth a different proportionahty constant, have been encountered 
m studies of the relation between temperature and frequency or speed of activity,’* 
so that this general contention is not without factual support Analogous m 
stances are given by the geotropic onenting performance of young rats In 
the present data we are concerned to discover if, with temperature as mdependent 
vanable, the relation between and the vanation of Ji exhibits any differences 
at F «=» 20 and F - 55 We have indicated reasons for supposing m advance that 
at F ■» 20 the vanation in performance should be greater This should be 
reflected m a wider vanance of the flash intensity required to enforce the mdex 
behavior employed as an end point The greater vanance is expected because, 
as increasing temperature reduces the required cntical flash intensity (F being 
fixed) it also reduces the chance of photic involvement of ommatidia around the 
penphery of the optic surface At the same time it must be presumed that 
elevation of temperature will increase the excitability of these penpheral elements 
So that we consider two opposing influences to be at work in the determination 
f't the cntical effect requiring motor response to the moving flashes It does not 
require the assumption that this cntical effect will be of the same magmtude or any 
energy scale to deduce that the vanance of the cntical intensity will be enhanced 
as a consequence The standard by which this enhancement is to be gauged 
IS provided by the observations at F “55 For temperature above 33 the 
cntical lUuminatjon falls above that for which (at 21 5®) the recruitment of mar 
ginally excitable ommatidia has a significant influence on the form of the curve ** 
Hence, by companson with the state of affairs at any constant temperature, the 
vanation data for F ■= 20 must necessarily be expected to fall above those at 
F “ 55 Fig 4 demonstrates that this is indeed the fact Except for at 
/ “ 35 8® which for reasons already discussed shows excessive vanation, the 
measurements at F “20 exhibit a higher vanation at all temperatures than do 
those at F “ 55 With Anax larvae it has been found’- that the relative sensi 
tmties of individuals m a lot of ten tend to be maintained for several hours With 
certam other forms e g vanous teleosts* this is not the case The effect 
IS obliterated m Anax when parts of the eyes are covered ’ The reasons for this 


Crozier, W J , and Sticr T J B , 1926-27, J Gen Phystol , 10, 185 
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have been discussed “ It should be expected that at higher temperatures a 
larger proportion of the variance of cntical inten5it> might be found to be “within 
individuals” as compared with ‘between individuals,” despite the lowenng of 
the critical intensity Rise of temperature should accentuate the individual 
fluctuations of excitabiht)', and decrease the chance of persisting mdividual 
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lo^ Ijji 

Fig 4 The vanation of Ii at vanous temperatures (Table II), for two flash 
frequencies, sohddots, F ~ 20, open circlets, F = 55 Tnangles give data from 
Table III At F = 55, / = 35 S°, the fluctuation of h is exceptional, otherwise, 
below F = 55 the variation is consistently higher than at F = 55 or above, 
see text 

differences Exarmnation show s that at 35 8° the mean rank order numbers for 
sensitiMt} are not retained in success^ e sets of readings, w hereas there is distinct 
correlation at 21 5° On the other hand the proportion of the total variance 
due to the differences between indinduals, in a set of readmgs at one F, is just 
as great as at low er temperatures 
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It IS to be clearly understood that the differences we have been 
discussing in this section are in one sense small Their internal con 
sistency in a group of very carefully controlled observations neverthe- 
less shows objectively that a definite realistic dignity must be granted 
to them Their analy tic interpretation is an obhgation which cannot 
be successfully avoided They have an inescapable significance for 
the evaluation of anv interpretu e theory of the mechanism responsible 
for the observations In the great majority of biological mvestiga- 
tions this obligation is ignored 

Question may very properly be raised as to the r61e of intensity vs 
quantity of hght in a flash with reference to the implication of mar 
ginally excitable ommatidia The facts show that when the flash 
tune IS reduced, with cycle time (i c , frequency) constant, the critical 
mtensity declines ’ From the data obtained by change of the hght 
time fraction,* with F constant, one can compute for each flash in 
tensity the flash tune correspondmg to the temperature which requires 
the same intensity , at F = 20 this flash time of course decreases 
as temperature rises (except at 33-36°, the dechne is almost recti- 
Imear) However, without correction for the changing value of 
F,m.» ,-* log T„ declmes more rapidly with decrease of (i at F = 55 
than at F = 20 Hence it must predonunantly be a matter of in 
knstlv rather than of quantity of hght (either in a flash, or as an aver 
age durmg the comparatively prolonged interval required for observa 
tion) which deternunes the involvement of marginally situated om 
matidia This is of course, qmte consistent with the fact that 
Talbot’s law has nothmg to say as to the basis for response to flicker 
(i e , at constant flash intensity F tticreases as the hght tune fraction 
IS reduced) ’ * The important pomt is that these considerations sup 
port the view that penetration of the tangential margins of the eye, 
in these arthropods, which is a function of intensitv primarily, is the 
basis for the recruitment of additions to effective receptor area, 
this cannot be determined by mere modifications of penpheral ex 
citabUity The latter have, however, a subsidiary mfluence, as 
demonstrated by the second order effects at F = 20 The failure of 
F,^ to be m any way affected by temperature, over the range 8-36°, 


=* J Gen Physiol 1937-38, 21, 313, 463 
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shows that the total number of available sensory elements, if at all 
influenced b)^ temperature, must show a negligible temperature co- 
efiicient It is only within the zone of mtensities for which the re- 
cruitment effect IS perceptible that the effect is detectable at all The 
speaal effect of comparatively very high temperature at F = 55 is 
traced to the fact that is then brought within the zone of intensities 
for winch the role of peripheral excitabihties is significant The effect 
of exposure to 36° is quickly and freely reversible, and therefore is not 
due to “injury ” 

The analysis of the dependence of upon temperature may then 
proceed with some confidence on the basis that &t F = 55 is (save 
above 33°) uninfluenced by the effect of temperature upon peripheral 
excitability The data further demonstrate (Section VI) that at 
F = 20 the influence of increased temperature m decreasing the critical 
intensity must rather exactly balance the opposite effects due to the 
decreased marginal penetrating action of the lowered intensity The 
constant relative variation of Ii over the range of temperatures, with 
F = 20 (Fig 4), is itself a kind of proof of this 

VI 

The plots m Fig 1 show that log l//m is related to 1/T°ab, by a curve 
continuous!}'- concave upward Writers who have been disposed to 
disapprove of the attempt to measure temperature characteristics of 
biological processes by means of the Arrhenius equation [velocity « 
exp (-/i/i?r)] have quite -nuthout exception failed to realize the signifi- 
cance of sucli cases, and the unusual rarity of their occurrence-® 
Their importance was referred to in an early survey of biological 
temperature functions-' They indicate unequivocally that more 
than one process contributes sunultaneously to the determination 
of the observed end-point, their rarity unmistakeably implies that 
for the great majority of temperature-controllable organic processes 
simphaty of the govcrmiig mechanism is self-evident, this is entirely 

-® Cf Discussion appended to paper by Hoagland, H , 1936, in Cold Spring 
Harbor symposia on quantitative biology, Cold Spring Harbor, Long Island 
Biological Assoaation, 4, 267 

Burton, A C , 1936, / Cell and Conip Physiol , 9, 1 
Korr, I M , 1937, J Cell and Comp Phystol , 10, 461 
2' Crozier, W J , 1924-25, J Gen Physiol , 7, 189 (see p 192) 
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supported by the properties of vanation of performance m these 
processes In chemical systems this is a commonplace, and the type 
of procedure reqmred for further elucidation has been known for a 
long time It is not without significance that the only definite bio 
logical instances of this sort previously known have mvolved the per- 
formance of systems in which it is quite obvious that at least two 
processes are concerned This was indicated long ago'’ for speed of 
parthenogenetic activation of echmoderm eggs by aad, a more elabo 
rate demonstration is provided by Korr’s data on respiration of sea 
urchm eggs"* The straightforward analysis of these data'" shows 
without question that, among other things, two different respiratory 
processes are here normally proceeding simultaneously It is not to 
be understood that cases fail to arise in which two (or more) processes 
mdividuallj influenced in different ways by temperature may not 
provide an Arrhenius graph con ex upward , a model mstance of this 
type was carefully examined long smce •’ The pomt is that a value of 
H smoothly and contmuously increasing with nse of temperature 
signifies the concurrent mfiuence of two (or more) processes with 
different values of p over the whole of the investigated temperature 
range 

Ideally one requires the possibihty of experunentaliy isolating and 
m some way directly identifymg the proposed contributory processes 
This IS not difficult m some cases '• Even m the case of “simple” 
physicochemical reactions this is, of course, not always feasible, 
"wall reactions” comphcating gas reactions provide a clearly analyz 
able type" For a situation such as the present one analysis can 
justifiably be made m a formal manner, with two ends in view to 
provide a rational account of the data, and to supply a gmde for 
subsequent tests The rationahty of the analjsis is attested by 
internal properties of the data The specific hypotheses resulting 
can be rather easily put to proof 

The analysis mvolves one basic consideration which is probably 

”C/" and Taylor, H S , 1931 A treatise on physical chemistry, chapter 
TV, New York, D van Nostrand Co Bauer IV H and Daniels F 1934, J 
Am Chem Soc , 66, 2014 

’• Korr, I M , 1937, J Cell and Comp Physwt 10, 461 

*® To be given m another place 

« Crozier W T and Stier T J B I92S-26 / Gen Physml 9, 49 
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strange, or at least unfamiliar The discussion of curves of visual 
functions which are (in fact or ideally) symmetrical with log 7 as 
abscissa has customarily regarded the first derivative of the curve with 
respect to log 7 as a frequency distribution of c\citabilities -= This 
IS quite incorrect The derivative is a frequency distribution of 
cjfccls produced as a consequence of the basic excitabilitics The 
fact that a statistical basis must be granted for these efTects^’^ leads 
directly to the conclusion that the curve of total elTcct vs log 7 must 
be a normal probability integral, regardless of the form of the fre- 
quency distribution of the instantaneous excitabilities of the individual 
contributing units (so long as their number is large) The proper 
measure of excitability is 1/7, not 1/log 7 Consequently it is with 
1/7 that we must deal in considering the application of the equation 
for “energy of activation ” This is the basis for testing the form of 
1/7 on an Arrhenius grid, by plotting log 1/7 against 1/T°ais (Fig 3) 

A formal resolution of a curvilinear graph in these coordinates, of 
course, cannot be proved to give a unique interpretation, even within 
the limits of statistical propriety The method is one of trial The 
physical limitations of a biological system force one to work within 
certain thermal limits The slopes toward the ends of the curve 
(Fig 3) provide suggestions as to the orders of magnitude of the two 
main contributory ju’s Ihis docs not require that there be only two 
such, of course it does not necessarily follow that the curve of the data 
can be constructed from two such processes alone The construction 
of the curve of the data requires the selection of suitable /u^s and also 
the selection of suitable relative positions on the log K axis for their 
graphs While this at first sight may seem to provide large latitude 
in the choice of ^t’s, in fact it does not, with well determined values 
of AT (i c , of 1/7) the requirements of the curve are rigorous 

This process has been applied to the curves m Fig 3 The result 
of many trials is given in Fig 5 The points at 35 8° for F = 55 have 
been discounted, for reasons already discussed rather fully (Section V) 
With this exception the curves for 7' = 20 and 7* = 55 are sensibly 

”Hecht, S , 1924-25, J Gen Physiol , 7, 235, 1927-28, 11, 255 ikehl, S , 
and Wolf, E , 1928-29, J Gen Physiol, 12, 727 

” C/ Crozicr, W J , 1936, Proc Nal Acad Sc , 22, 412, clc 
See ” ^ and Crozicr, W J , 1937, Proc Nal Acad Sc , 23, 71 
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identical in form Two processes with respectively ^ = 19,200 and 
jLt - 3,500, and with velocities equal at ca IS 9°, give a faithful account 
of the data It has not been possible to find two others which do 



Fig 5 The measurements at F «= 20 and at F « 55 are brouj,ht together on 
the log l//« axis (c/ Fig 1) by vertical displacement (data of F «= 55 X antilog 
1 205) The form of the two curves is the same (the exceptional points at F - 
55, < 35 8® are discussed in the text) The curve shows continuous increase of 

slope as the temperature rises and thus of the temperature characteristic p 
This signifies the concurrent participation of at least two independent processes 
with different n s determining the excitability (1//) for response to flicker The 
curvature found is accurately reproduced by the summation of the two processes 
whose velocity curves are shown below, one with M •=* 19,200 the other w ith 
3,400 Their veloaties are equal at IS 9 
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It is to be remembered that the “veloaties” are respectively to be 
measured by the proportionate contributions of the two processes to 
the deterimnation of the end-pomt result, and they may well contrib- 
ute in different ways 

In one subsidiary feature the curves m Fig 5 are additionally sug- 
gestive It has been pointed out tliat near a temperature at which 
there cross the curves for two opposed or parallel independent proces- 
ses contributing to the governance of a particular result one must 



Fig 6 The extra exatation required to pass from the le\ el of response at F - 
20 to that for F = 55 is measured bj (l//:o — l/Zos) This quantity also gives a 
means of estimating p for the processes gov eming exatabihty The curve drawn 
IS that already shown in Fig 5 

expect excessive vanation of performance It is probably not an 
acadent that at 15-16° (Fig 5) the scatter of mean 1/I„ is greater 
than elsewhere (This has of course nothing to do with the relation 
between T„ and arli ) 

Finally, confirmation of part of the basis for tlus t>*pe of analysis 
IS independently obtamable from the data The point mvoh’ed is that 
if 1/7 IS the proper measure of exatabihty for a particular magnitude 

55 Crozier, W J , and Fedenghi, H , 1924-25, J Get: Physwl , 7, 151 
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ol sensory effect (t c , of f in this case), then, granted no change in 
the form of the 7" — log / curve, the between IZ/nforf = 55 

and for T = 20 must follow the same curve as a function of temperature 
as does l//„ for any given level ol F The argument is that the sen 
sory exatation necessary to produce the constant increase of effect 
represented by the difference between reaction at i? =20 and at f = 55 
will require a dnvmg potential which is less the higher the tempera 
ture, and is measured by I/I Thus whereas A log /„ is constant 
(Tig 2), the intensity difference required to produce this constant 
difference in sensory effect dechnes exponentially with rise of tempera 
ture — and m the present data the curve must have the same form as 
in Fig 5 Fig 6 shows that this requirement is satisfied, this of course 
follows if the log 1/7 curves for F = 20 and F = 55 have the same 
shape as a function of 7^ t, , so that /« and I-^ are in constant ratio 

vn 

A limiting process with n as low as 3,400 (Figs 5 and 6) could be 
essentially one of hydrodiffusion, or it could represent the outcome of 
opposing processes in equilibrium No certain deductions can be 
made with respect to it In the present case it cannot be supposed 
that we have to do with a balance between the decreasmg retinal area 
of operation of the critical flash mtensity, on the one hand, and in the 
opposite direction the elevation of peripheral exatabilities brought 
about by nse of temperature, because (below 33°) above F = 55 the 
F — log 7 curve does not rise 

With respect to n — 19,200, however (Figs 5 and 6) more definite 
notions may be entertained A variety of evidence dearly suggests’” 
that it IS associated with deh> drogenations (i e , fundamentally, with 
activation of H+), and probably in a number of mstances ivith the 
first steps in the burmng of simple sugars ” This may not be difficult 
to test, by way of suitably designed metabolic experiments Thus bv 
modification of the glycogen or other carbohydrate reserves, or of 
catalysts for dehydrogenation, the limiting rfile of the process for 
which p = 19,200 might be obliterated In this manner dues might 

” 1937-38 / Gen PAysio! , 21, 17 

” C/” and Gould B S , and Suer I W , 1938, J Biol Ckm , 124, 269 
Ctozier, W J , 1924-25, J Gen Physiol , 7, 189 
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be available as to the nature of the events governing the capacity to 
react to flickering light The temperature characteristics found*^ 
for frequency of breathing movements in Anax nymphs (11,500 and 
16,200) are quite different It does not seem profitable to regard the 
chemical control of this visual excitability as located in the peripheral 
receptors, since in that event the enhancement of the “dark” process 
by elevation of temperature would be expected to have the effect of 
enlarging the population of elements of effect, just as reduction of the 
light time fraction does, this is not found 

SUMMARY 

At fixed flash frequency {F = 20, = 55) and with constant light 

time fraction (50 per cent) in the flash cycle, the critical illumination I 
for response of Anax nymphs to visual flicker falls continuously as the 
temperature rises The temperature characteristic {x for the measure 
of excitability {i/I) increases continuously with elevation of tempera- 
ture The form of the jP— log I curve does not change except at 
quite high temperature (35 8°), and then only slightly (near 7^ = 55), 
Fmax IS not altered The very unusual form of the 1/7 curve as a 
function of temperature is quantitatively accounted for if two proces- 
ses, with respectively ix = 19,200 and }x - 3,400, contribute independ- 
ently and simultaneously to the control of the speed of the reaction 
governing the excitability, the velocities of these two processes are 
equal at 15 9° 

We ^vlsh to express our thanks to Mrs E Wolf for her assistance 
in the experiments 



BIOELECTRIC POTENTIALS IN VALONIA 

II Effects of Artificial Sea Waters Containing LiCI, CsCl, 
RbCI, OR NHiCl 

Bv E B DAMON 

{From the Laboratones of The Rockefeller Institute for Medical Research) 
(Accepted for publication January 19 1939) 

Measurements of p d across the protoplasm of cells of Valoma 
fnacrophysa, Kdtz , have furnished valuable infonnabon' as to the 
behavior of the protoplasm toward Na+, IC+, and Cl“ ions It has 
accordmgly seemed desirable to extend this study to ions of similar 
chemical properties, not present in significant amounts m ordmary 
sea water The present report gives the results of a few exploratory 
measurements^ usmg vanous dilutions of modified sea waters in which 
LiCl, CsCl, RbCl, or NH 4 CI was substituted for NaCl and K.C1 

In the expenments vath N-anous dilutions of natural and K.C1 nch sea. waters,^ 
p D time curves of Iro different types have been observed 

When natural sea water is rcpbced by undduted KCl nch sea water the p D 
nses* rapidly to a maximum falls to a nunimum, and then rises more slowly to a 
second maximum This charactensbc fluctuation of the p n (found also wth 
Valoma sap and with pure 0 6 molar KCl) has been attnbulcd^ to changes caused 

^ (a) Damon E B and Osterhout W J V / Gen Physiol , 1929-30 13, 
445 (6) Damon E B / Gen Physiol , 1932-33 16, 375 (c) Damon, E B 

J Gen Physiol 1937-38,21,353 

* The experiments reported here were performed at Bermuda m 1930 It was 
ongmall> planned to make a detailed study of the effects of each of these salts 
but this program has actuaU> been earned out only in the case of KCl Smee 
this work has been mterrupted and cannot be continued by the wnter it seems 
worth whde to publish these results m spite of their fragmentarj nature, 

* In the expenments reported m tbs paper, the p d across the protoplasm is m 
all cases directed inward in the sense that positive current tends to flow from the 
external solution through the protoplasm into the vacuolar sap 

* (o) Damon E B 7 Gen Physiol 1929-30 13, 207 (fc) Damon, E B , 
J Gen PJtysiol 1931-32 16, 525 
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by the penetration of K+ into the aqueous middle layer^ of the protoplasm 
Although the later changes m p d are complex, it is found that the initial rise m 
p D with KCl-nch sea waters is reproducible, and varies in a regular manner nith 
the concentration of potassium, Ck, m the external solution according to the 
equation 

p D = S9 1 log (BCk + D) (mv at 25° C ) 

where B and D are constants It is assumed that the first maximum in the 
p D -time curve occurs before the concentrations m the inner layers of the proto- 
plasm have been affected by the penetration of K+, in other words, that only the 
external surface layer of the protoplasm (the X layer) is concerned in the initial 
rise in p D 

Similar p d -time curves are observed with small dilutions of KCl-nch sea 
waters, the initial rise m p n decreasing as the dilution is increased With these 
solutions, also, K+ plays an important part in determinmg the p n 

With diluted natural sea water and with high dilutions of KCl-nch sea waters, 
however, the p n -time curves have a different shape When these solutions are 
substituted for ordinary sea water, the p D rises rapidly to a definite value at 
which It remains approximately constant for some time, the p n increases with 
increasing dilution The p D is independent of small changes in the concentration 
of K+ in these solutions The greater is the concentration of K+ m the undiluted 
sea water, the higher is the critical dilution at which K+ ceases to influence the 
p D In sea waters containing both KCl and NaCl, the concentration effect above 
the critical dilution is determined solely by the activity of NaCl m the external 
solution 

From these results, certain inferences have been drawn in regard to the diffusion 
of K+j Na+, and Cl“ in the outer surface layer of Valoma protoplasm (the X layer) 
The concentration effect with these sea waters above the critical dilution has 
been interpreted as a diffusion potential in the X layer of the protoplasm, involving 
only the Na+ and Cl" ions which are commg out from the vacuole (The outward 
diffusion of K+ from the vacuole is evidently prevented by the mechanism re- 
sponsible for the accumulation of KCl in the cell sap ) The relative mobilities of 
Na"*" and Cl" m the X layer may then be calculated from this diffusion potential 
with the help of the familiar Nernst equation If the mobihty of the Cl" ion is 
arbitrarily taken as unity, the mobihty of Na+ is found*' to be 0 11 

The electncal potential gradient in the X layer produced by the outward 
diffusion of Na+ and Cl" tends to oppose the inward diffusion of other cations 
from the external solution This explains the failure of K+ to enter the protoplasm 
and influence the p D when the dilution is greater than the critical value 'W'hile 
it has proved possible to calculate the cntical dilutions for KCl-nch sea waters, 
this calculation is based on certam assumptions which cannot be applied without 

® For the theory of protoplasmic layers, see 05terhout,W J V,/ Gen Physiol, 
1927-28, 11, 83, Biol Rev , 1931, 6, Z()9,Ergehi Physiol , 1933, 36, 1013 
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modification to other cations than IC+ (or to other organisms than 
Nevertheless, similar phenomena are to be expected with Vohma when other 
cations are substituted for Na"** and K+ in diluted sea water 

The apparent relative mobility of K+ in the outer or X layer of the 
protoplasm has been calculated from the initial nse in p d in undiluted 
KCl nch sea waters, assuming that this change in p D anses from a 
new diffusion potential m the X layer If the mobihty of Cl" is 
taken as unity, the apparent mobility of K+ (recalculated to agree 
with the new value of 0 11 for Na+) is found to be 18 In this calcula 
tion, the additional assumption was made that the partition coefficients 
of KCl and NaCl between water and the X layer are equal Since 
It IS not improbable that the partition coefficient for KCl is actually 
considerably higher than that for NaCl, the value, 18, may be too 
high The sign iind magnitude of the concentration effect with small 
dilutions of KCl nch sea waters, however, mdicate that the mobility of 
K+ must be several times greater than that of Cl" 

We may now consider some sumlar experiments usmg sea waters 
containing Li+, Cs+, Rb+, or NHi+ 

The composition* of the modified sea waters used m these erpenments is given 
m the following table, where the symbol M is used to represent Li, or Cs, or Rb 
or NHi 


M 

0 500 molar 

Cl 

0 570 molar 

Ca 

0 011 

Br 

0 001 ‘ 

Mg 

0 054 ‘ 

SO, 

0 028 “ 



HCOj 

0 003 ' 


The pH of each solution was adjusted to the same value as that of ordinary sea 
water as shown by the color of thymol blue These stock solutions are designated 
as LiCl sea waier, etc In some expenments these stock soluUons were diluted 
with natural sea water the resulting soluUons are desenbed by such expressions as 
0 I molar RbCl »n sea waier For studying the concentration effect, the stock 
solutions were diluted with a solution of glycerol 8 7 per cent by weight in distilled 
water (This solution is approximately isotonic with Bermuda sea water) 
Such a diluted soluUon may be called for example, c d fold dilution of NBiCl sea 
ivaler Here the dilution, d, represents the number of liters of diluted soluUon 
contaming 1 liter of the stock solution 


•Based on a formula for artificial sea water recommended by McClendon, 
J F , Gault, C C , and MulhoUand, S , Carnegie InsltluUon of Washington, Pub 
No 251, 1917 
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The apparatus and experimental methods have been described in earher 
pubhcations ^ To avoid ivaste m experiments with solutions containing RbCl 
and CsCl, the same technic was employed as m the measurements with natural 
Valoma sap 


I 

Modified Sea Water Containing LiCl 

In Its influence on the p d with Valoma, the Li+ ion appears hardly 
distinguishable from the Na+ ion, at least so far as the outer surface 
layer of the protoplasm (the X layer®) is concerned In eleven meas- 



Fig 1 p d -time curve showing the change in p d across Valoma protoplasm 
when ordinary’’ sea water (open circles) is replaced by LiCI-sea water (shaded 
circles) and comparmg the concentration effects wuth a tw of old dilution of LiCl-sea 
water (double circles, shaded centers) and with an equal dilution of natural sea 
w ater (double circles, open centers) LiCl-sea w ater contains 0 5 ii LiCl 


urements wuth LiCl-sea water, the p D -time curves resembled the 

curves with potassium-free NaCl-sea water thePD generally fell to a 

value less than the value in ordinal}^ sea water, but greater than zero 
Such a curve is showm in Fig 1 A representative p d -time curve 
with potassium-free NaCl-sea water has been presented m an earher 

paper " 

With both the NaCl-sea water and the LiCl-sea water, however, the 
behaxnor is hable to be erratic, these potassium-free solutions are 

' Damon, E B , / Gen Physwt , 1932-33, 16, 378 (curve marked Ce = 0) 
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evidently somewhat mjunous and prone to cause secondary changes 
m the protoplasm A LiCl sea water containing the same concentra 
tion of K.+ as ordinary sea water would probably give better results 
More prolonged measurements, which should be possible with such 
solutions, might reveal effects at mner layers of the protoplasm where 
Li+ may behave differently from Na+ 

With diluted LiCl sea water, the p D time curves are similar to the 
curves with diluted natural sea water, the concentration effect with 
LiCl sea water, however, is somewhat smaller Fig 1 compares the 
concentration effects with twofold ddutions of LiCl sea water and of 
natural sea water Four such measurements gave values for the 
concentration effect with a twofold dilution ranging from 6 to 10 mv , 
average, 8 mv One measurement with a fivefold dilution gave 22 mv 
The values for two and fivefold dilutions of natural sea water, reported 
m an earher paper,'" were 11 4 and 25 2 mv From companson of 
these concentration effects, we may conclude that the mobihty of 
Li+ m the X layer of Valonta is perhaps slightly greater than that 
of Na+ 

II 

Modified Sea W ater Containing CsCl 
The Cs+ ion, like the Li+ ion, resembles the Na+ ion in its effect on 
the p D with Valonta Two measurements with CsCl sea water 
gave p D time curves hke the curves with potassium free NaCl sea 
water One of these curves is shown in Fig 2 

Three measurements of concentration effect with a fivefold ddution 
of CsCl sea water showed p d ’ s somewhat higher than the p v with 
an equal dilution of ordinary sea water, this is illustrated in Fig 2 
The same result was obtained whether the diluted CsCl sea water 
was applied after the diluted natural sea water, or before it as shown 
m the figure This larger concentration effect might seem to indicate 
that the mobility of the Cs+ ion m the X layer is less than that of the 
Na+ ion 

It IS not certam, however, that with the fivefold dilution the Cs+ 
ion really plays any sigmficant part m the p d It may be that this 
dilution IS greater than the critical dilution for CsCl sea water, and 
that only Na+ and Cl- ions diffusing out from the vacuole are actually 
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concerned m the p d The p d to be expected m such a case may be 
estimated by extrapolating the straight hue which represents the 
p D -dilution curve of KCl-sea water* above its cntical dilution The 
extrapolated value for a fivefold dilution is in good agreement -nith 
that observed with the diluted CsCl-sea water 



Fig 2 p d -time curve shov.-mg the change m fjj acro3s Valoma protoplasm 
when ordmar> sea vater (open circles) is replaced b> CsCl-sea water (shaded 
arcles) and comparmg the concentration effects with a fivefold dilution of CsCl-sea 
water (double circles, shaded centers) and with an equal dilution of natural sea 
water (double circles, open centers) CsCl-sea water contains 0 5 m CsCl 

Accordingly, vhile we may conclude from the data v^th undiluted 
CsCl-sea water that the mobihty of Cs-^ m the X layer is not very 
different from that of Na", these measurements of concentration effect 
do not show conclusively which of the two mobihties is the higher 

* Damon, E B ,J Gen P/>r*o/ , 1937-38,21, 388, Fig 2, curve A. 
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Modified Sea Waters Containing RbCl 

Sea waters containing RbCl, like KCl nch sea waters, increase the 
inwardly directed P D across the protoplasm of Valonia The curves 
showing the vanation of p D with time are more or less similar to the 
curves with KCl nch solutions With solutions containmg RbCl, 
however, the second nse in p d (asenbed to changes at inner layers 
of the protoplasm) follows so soon after the initial change that the 
time curve shows only a point of mflection mstead of a well defined 
maximum and minimum p D tune curves of this type are found 
occasionally with KCl nch solutions,’ in such cases, the value of the 
p D at the pomt of inflection is about the same as the value at the 
first manmum in curves of the usual KCl type 

Curve A of Fig 3 shows a P D tune curve of this sort observed with 
RbCl sea water The imtial change m p d (to the point of mflection) 
was about S3 mv In another measurement with RbCl sea water, 
the time curve had a well defined maximum and minimum, but here 
the imtial nse was only 33 mv 

Three measurements with 0 1 molar RbCl in sea water gave p d - 
time curves in which the initial nse was mdicated, at the best, by an 
ill defined porat of inflection The best of these curves is shown as 
curve B in Fig 3 In this curve, there is apparently an inflection 
point at about 21 mv above the P D with ordinary sea water In 
these experiments the p D finally reached surprisingly high values 
in one case, the p d after 1 hour was 60 mv greater than the value 
with ordmary sea water 

In two measurements with 0 05 molar RbCl m sea water the changes 
in p D were small and gradual When these solutions were replaced 
by 0 1 molar RbCl m sea water, however, the P d rose rapidly and 
passed through a well defined maximum This behavior will be 
discussed later 

The data furmshed by the two measurements reported in curves A 
and B of Fig 3 are probably the most reliable values which we have for 
calculatmg the apparent relative mobility of Rb+ in the X layer of 

’ Damon E B , / Gen Physiol , 1929-30 13, 215 1932-33, 16, 384 
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Valoiita Tins calculation is based on the same assumptions as were 
used m an earlier paper^* m calculating the apparent relative mobility 
of K+ It IS supposed that the initial change m p d (to the point of 
inflection) represents a diffusion potential set up in the X layer of the 
protoplasm It is further assumed that the coefficients for the dis- 



ordmary sea water (open circles) is replaced by modified sea waters containing 
RbCl In curve A the external solution is RbCl-sea water (shaded circles), m 
curve B It is 0 1 molar RbCl in sea water (half-shaded circles) Curve C illustrates 
the concentration effect with diluted RbCl-sea water fivefold dilution, double 
circles, shaded centers, 25-fold dilution, double circles, open centers RbCl-sea 
water contams 0 5 M RbCl 

tribution of NaCl, KCl, and RbCl between sea water and the X layer 
all have the same value Using the values which have already been 
determined for the apparent relative mobilities of Na+, K+, and Cl", 
the relative mobihty of Rb+ may then be computed with the help 
of the equation (derived from the familiar Henderson formula) which 
was used m computing the relative mobihty of K+ From the 




E D DAMON 


827 


measurement with RbCl sea water (curve A) it is found that the 
mobility of Rb+ is 11 times as great as that of Cl~, from the measure- 
ment with 0 1 molar RbCl m sea water (curve B), the value is found 
to be 10 

Since the mobilitv of Rb+ in the X layer is much greater than that of 
Cl", and since the behavior of Rb+ is similar to that of K.+, it is to be 
expected that the concentration effect with RbCl sea water will 
resemble the concentration effect with RCl sea water That is, we 
may expect that the initial change in p D produced by diluted RbCl 
sea water (if the ddution is not too great) will be less than the cor- 
responding change produced by the undiluted solution We may 
expect further that as the dilution is increased a cntical value will be 
reached, above which Rb+ plays no part in the p d , and the p n 
increases with increasing dilution The p n dilution curve will 
therefore pass through a minimum 
These predictions are confirmed by measurements with fivefold 
and 25 fold dilutions of RbCl sea water Thus, three measurements 
with the fivefold ddution showed an initial nse in p d of 31 to 33 mv , 
considerably less than the value, S3 mv , found m the measurement 
with the undduted solution shown in Fig 3, curve A In five measure 
ments with the 25 fold dilution, the change in p n was greater than 
with the fivefold dilution, the values varymg from 36 to 60 mv , 
average, SO mv The p D time curve marked C m Tig 3 shows the 
results of an experiment with these two dduted RbCl sea waters 

IV 

Modified Sea Waters Containing NHiCl 
The behavior of sea waters contaimng NH,C1 proved to be very 
similar to that of the corresponding sea waters with RbCl, except 
that the changes in pd were even larger than those produced by 
either RbCl or KCl 

One experiment with NHiCl sea water showed extremely large 
fluctuations m p D , somewhat like those charactenstic of RCl nch 
solutions, but much more rapid It was obvious that rehable values 
for the first maximum m such a P n time curve could be obtained 
only with a measunng mstrument of much shorter period than the 
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Compton electrometer used m these measurements To avoid this 
difficulty, the present investigation was limited to solutions in which 
the concentrations of NHiCl were considerably smaller than 0 5 molar 

Nme measurements were carried out using 0 1 molar NHiCl in sea 
water The best p d -time cun^e obtained in this series is shown as 
curve A in Fig 4 The p d ’ s observed with these solutions were 
very high in this mstance, 87 mv greater than the p n in ordinary 
sea water As m the experiments with RbCl, the initial change in 
p D was marked, not by a maximum in the p d -time curve, but by a 
point of inflection, the position of which was often indefinite In the 
curve shown in Fig 4, the initial rise was about 68 mv In three 
other curves where the position of the mflection point could be deter- 
mined approximately, the rise in p d to this point vaned between 
20 and 53 mv , the average of all four values was 44 mv 

When the sea water containing NH4CI was replaced by ordinaiy 
sea water, the p d -time curve (as shown in Fig 4) closely resembled 
the curves obtained when KCl-nch solutions were followed by ordinary 
sea water Precisely the same behavior was observed in experiments 
with RbCl The changes in p d (rapid fall to a minimum, rise to a 
maximum, followed by a slow fall) are just the reverse of the char- 
acteristic changes observed when K+ enters the protoplasm from 
KCl-nch sea waters It may accordingly be assumed that these 
changes in ordinary sea water are produced by K+, Rb+, or NH4+ 
coming out of the protoplasm It is interesting to note that, in spite 
of differences in behavior on entering the protoplasm, all three ions 
exhibit the same type of p u -time curve when coming out 

Four measurements with 0 01 molar NH4CI in sea water showed 
rather large changes in pd in one case as much as 25 mv after 
30 minutes Similar results were obtained in three measurements 
with 0 001 molar NH4CI in sea water, where an increase of as much as 
19 mv was observed With both solutions, however, the nse in 
p D was gradual, and did not permit assigning even an approximate 
value to the imtial change 

The measurements with 0 1 molar NHiCl in sea water are therefore 
the only ones which provide data suitable for computing the apparent 
relative mobility of in the JC layer of Valoutci The same 

assumptions are made as m calculating the mobility of Rb+ If we 
take as the mitial change m p d the value, 68 mv , from the expenment 
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shown m Tig 4, the apparent mobility of NHi+ is found to be 108 
tunes as great as that of CI~ If we use 44 mv (the average of four 
discordant values) the mobility of NH»+ is found to be 37 times as 
great as that of Cl" In any case, it seems clear that the apparent 
mobdity of NH*+ m the X layer is fat greater than that of any of the 
other ions included m this study 



Fig 4 Time curves showing changes m pJ) across Valonta protoplasm pro- 
duced “by solutions containmg NH^CI Curve A shows the changes when natural 
sea water (open circles) is replaced by 0 1 molar NHtG m sea water (half shaded 
circles) and when this solution in turn is replaced by natural sea water Curve B 
shows the pJ) s with three different dilutions of NH 4 CI sea water a 16 7 fold 
dilution double circles, open centers a fivefold dilution double circles shaded 
centers and a 3 3 fold dilution shaded circles NH 4 CI sea water contains 
0 5 u NHiCl 

The high mobility of the NH 4 + ion suggests that the concentration 
effect NH 4 CI sea ■v\ ater vail be similar to the effects with KCl sea 
water and RbCl sea w ater In particular, it is to be expected that the 
p D dilution curve will pass through a mmimum 
That this IS true is shown m a quahtative manner by the experiment 
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reported in the p d -time curve B, m Fig 4 It wdJ be seen that the 
p D With the fivefold dilution of NH4Cl'sea water is less than the p d 
with the 16 7-fold dilution which preceded it, and also less than the 
p D with the 3 3-fold dilution which followed it 

Such experiments, however, m which several dilutions of NH4Cl-sea 
water are apphed successively to the same cell, cannot be trusted to 
furmsh quantitative data unless all the dilutions are greater than the 
cntical value Otherwise, NH4+ 10ns entenng from one solution are 
liable to cause changes at inner layers of the protoplasm and affect 
the value of the p d with later solutions 

A number of additional measurements with these three diluted 
NH4Cl-sea waters failed to furnish more quantitative infoimation 
Since all three dilutions (with the possible exception of 16 7) are 
evidently less than the cntical value, JSrEl4+ ions will enter the proto- 
plasm and cause changes in p n at the mner layers For quantitative 
compansons, it is therefore necessary to determine the initial change m 
p D before 10ns have diffused through the X layer Unfortu- 
nately, the shapes of the p d -time curves usually obtained with these 
solutions gave no clew to the magnitude of this initial change in p n 

DISCUSSION 

The reason why the p D -time curves with sea waters containing 
RbCl or NH4CI do not nse sharply to well defined initial maxima can 
probably be traced to the greater speed with which these 10ns penetrate 
the protoplasm If the curve is to show such a maximum, it is 
necessary that the entire'® outer surface of the protoplasm shall be 
brought into equilibrium with the new solution before the p d ’ s at 
mner la^mrs of the protoplasm have been affected by the penetration 
of 10ns from the new solution If the penetration of NH4''' (or Rb+) is 
too rapid, however, it may not be possible to meet this requirement 
since an appreciable tune is needed to leach out the cell wall and bring 
the whole surface of the protoplasm m contact with the new solution 
In an extreme case, NH4+ ions might penetrate as far as the F layer 
at one end of the cell before the NIUCl-sea water had reached the X 

For a demonstration of the importance of applying the new solution to the 
enure outer surface of the cell, see Damon, E B,/ Gen PAyriof , 1932-33, 16, 376 
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layer at tte other end The observed change in p n would then be the 
resultant of a very complex set of simultaneous changes, far too intri- 
cate to be mterpreted 

If this explanation is correct, it should be possible to obtam p d 
time curves with well defined maxima and mmuna (like the curves 
with KCl sea water) by retardmg the inward diffusion of NHi+ through 
the X layer of the protoplasm This can be accomplished by employ 
ing dilute solutions (below the critical dilution) where the entrance of 
NH*+ IS opposed, but not wholly prevented, by the potential gradient 
which anses from the outward diffusion of Na+ and Cl” from the 
vacuole Fig S shows the result of such an experiment, m which a 
threefold dilution of natural sea water was replaced by an equal 
dilution of a modified sea water containmg 0 01 mole of NHiCl in a 
liter of the diluted solution ^Another such experiment, usmg fivefold 
dilutions, had exactly similar results) It will be seen that the 
entrance of NH 4 + from the diluted sea water led to a p n time curve 
of precisely the same fonn as the curves resulting from the entrance of 
K.+ from undiluted KCl nch sea waters When the cell was returned 
to diluted natural sea water, the fluctuations in p n caused by NHt+ 
coming out of the protoplasm were just the reverse of those caused by 
NHt+ going m 

We may therefom conclude that sea waters with added KCl, RbCl, 
and NHtCl would all give p d -time curves of essentially the same form 
if these curves could be measured under ideal conditions In such 
ideal experiments, the solutions would be applied instantaneously 
to the entire outer surface of the protoplasm, and the measunng 
instrument would be rapid enough to follow accurately all the fluc- 
tuations m p D 

The greater speed with which Rb+ and NHi+ enter the protoplasm 
is presumably the result of several contributing factors Some of 
these will be discussed bneflj 

For example, the concentration gradient in the protoplasm is doubt- 
less greater for Rb+ than tor K+, since it may be expected that the 
protoplasm will normally contam a small concentration of K+, but 
will not contain any perceptible amount of Rb+ This somewhat 
steeper concentration gradient will be of greater importance when 
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the concentration of Rb in the external solution is small The experi- 
ments with 0 1 molar RbCl m sea water furnish an example of the 
effect of small changes m the concentration gradient m the protoplasm 
With cells which had been taken directly from ordmar}’- sea water 
(and hence contained no Rb-^) the p d -time curves showed, at best, 
only a badlj* defined pomt of inflection With cells which had been 
exposed for a short time to a sea water containing 0 05 molar RbCI, 



Fig 5 p d -tune cun e showing the effect of substituting 2\H<CI for NaCl and 
KCI in diluted sea water Open circJes represent the pJ) in natural sea water, 
double arcles with open centers, the pjd in a threefold dilution of natural sea 
water, double circles with shaded centers, the p n in a threefold dilution of a 
modified sea water contammg 0 01 mole of NH<C1 m a hter of the diluted soluuon 

SO that the protoplasm contamed a bttle Rb-^, treatment with 0 1 molar 
RbCl m sea water caused the P D to nse rapidly and pass through a 
well defined maximum This difference m faehatuor may reasonably 
be attnbuted to the slower mward diffusion of Rb* in the second case, 
where the concentration gradient was less steep 
The speed with which penetrates the protoplasm might be 

explamed, m part, by the hj-pothesis that uncharged NH, molecules 
diffuse rapidly through the A’ la>er, and on reaching the aqueous 
IT* la} er react with water or some weak aad to form NH<+ ions 
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Tlie concentration effect with higher dilutions of NHiCl sea water, 
however, must be considered as evidence against this hypothesis 
With these dilute solutions, the potential gradient set up by the out 
ward diffusion of Na+ and Cl“ from the vacuole opposes the inward 
diffusion of NH<+ and other cations, but can have no effect on the 
diffusion of uncharged NHs molecules Smce it is found that the 
influence of NHiCl on the p D is greatlj diminished (and probably 
finally annulled) when the external solution is diluted, we must con- 
clude that it IS principally the NHi+ ion, and not the NHs molecule, 
which enters the protoplasm from these NHtCl rich solutions 

It 15 probable that difierences m the partition coeffiaents for KCl, 
RbCl, and NHiCl (between water and the X layer) have a very 
important effect on the rates at which K+, Rb+, and NHi+ enter 
the protoplasm Smce the values of these coefficients are unknown, 
It has been assumed for purposes of calculation that the coeffiaents 
are all equal It must therefore be emphasized that the numerical 
values obtained from these calculations represent merely the apparent 
relative mobihties of the ions 

It has been pointed out elsewhere" that much higher dilutions of 
KCl sea water than of natural sea water can be applied to the Valonta 
cell without at once producmg certam secondary changes which are 
probably a sign of injury It is interesting that equally high dilu 
tions of RbCl sea water or NH<C1 sea water (which do not contain 
potassium) may be apphed to Valoma for a short time without causing 
these secondary changes That is, these ions which resemble K+ in 
their effect on the p D also exert the same protective action on Valoma 
protoplasm 

S1IMJ£AR\ 

In their influence on the P d across the protoplasm of Valoma 
macrophysa, Kfitz , Li+ and Cs+ resemble Na+, while Rb+ and NH<+ 
resemble K+ The apparent mobilities of the ions m the external 
surface layer of Valoma protoplasm mcrease m the order Cs+, Na+, 
Li+ < Cl- < Rb+ < K+ < NH.+ 
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DISTRIBUTION OF VITAMINS Ai AND A2 


All the marine fish livers here examined contain a marked pre- 
dominance of vitamin Ai, but the sand flounder and hernng, which 
possess this vitamin exclusively in the eye, contain in addition vitamin 
As in the liver oils Similarly the halibut liver, in which the presence 




Wavelength 
Fig 8 


Fig 7 Combined pigmented epithelja and choroids of euryhahne fishes 
Antimony chloride reactions with chloroform extracts from (a) seven chinook 
salmon, (b) seven rainbow trout, (c) seven brook trout, (d) seven eels, and (e) with 
a benzine extract from six white perch All these tissues contain mixtures of 
vitamins Ai and As, and, with the possible exception of the white perch, pre- 
dominantly the vitamin A ordinanly associated with the spawning environment 
Ordinates for curve e are extinctions, for all the other curves percentages absorbed 
Fig 8 Antimony chloride reactions with liver oils from pickerel and eels 
caught m the same inland fresh-water pond The pickerel liver contains vitamin 
Aa alone, the eel about 99 per cent vitamin Ai The curves are original photo- 
electric recordings 


of a 690-695 mju chromogen was first reported (Heilbron et al , 1931), 

contains about ^ as much vitamin A 2 as Ai 

The fresh-water pickerel and calico bass livers contain vitamin As 
exclusively, as do their eye tissues The carp, however, which pos- 
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sesses only vitamiii A m its eye, contains predominantly vitainin 
A] in its liver 

The livers of all the anadromous fishes examined contam nuxtures 
of both vitarmns A The proportions in the alewife and tambovr 
trout are hhe those in the ey es, while in the chinook salmon and brook 
trout these proportions are reversed 

The catadromous eel contams almost exclusively vitaimn Ai in its 
hver It IS more "manne” m this respect than many of the perma- 
nently marine fishes, and this property is unaltered by years of fresh 
water existence It is significant that the eel, piekerel, and cahco 
bass liver data in Table n were denved from fishes all caught m the 
same mland fresh water pond, where they had shared the same en- 
vironment and presumably largely the same food Yet the propor- 
tions of vitamms A in the eel liver are almost diametncally the op- 
posite of those m the permanently fresh water forms This relation 
IS demonstrated very stnLingly m Fig 8 It is clear that the vitamin 
A configuration of the hver, like that of the eye, is determined by 
genetic and not by environmental factors 

This conclusion is confirmed m an observation on chmook salmon 
hvers Those which yielded the data m Table II were obtained from 
yearUng hatchenes fish which had never left fresh water Similar 
extracts have been prepared from hvers of adult fishes, caught at the 
mouth of the Columbia River at the begmmng of their spawmng im 
gration The proportion of vitamm Ai to Aj found m these mature 
fish was as 88 to 12, not seriously difierent from that in the fresh water 
parr 

It may be concluded, therefore, that though the vitamm A pattern 
of the hver is not correlated as closely as that of the eye with the 
sahmty type, it is equally mdependent of environmental fluctuation 
and IS to an equal degree a racial characteristic “ 

® This conclusion should apply strictly only to what may be termed endo- 
genous vitamin A, that is, vitamm A synthesized by the organism itself from 
carotenoid precursors Lederer and Rathmann (1938) have shown that rats 
and frogs the hvers of which normally contam little or no vitamm As can 
accumulate this vitamm when fed fresh water fish hver concentrates It is 
probable that by similar means the vitamm A configurabon m the hver of any 
animal might be displaced m either direction 
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DISCUSSION 

The observations reported above permit a tentative statement of 
the significance of the vitamin A pattern of eye and liver oils in fishes 
This IS best introduced by a recapitulation of the argument dispersed 
throughout the foregoing pages 

The eye tissues of all marine fishes examined except the tautog 
contain exclusively vitamin Ai, those of all the fresh- water fishes 
contain only vitamin A2, those of all euryhaline fishes, with the pos- 
sible exception of the alewife, possess mixtures of both vitamins, and 
always predominantly that one which ordinarily is associated with 
the spawning environment The liver oils in general share these 
relations imperfectly, usually they contain mixtures of both vitamins 
A, occasionally in reverse proportions to the eye tissues These ob- 
servations are summarized numerically m Table II 

The vitamin A configuration might be determined by the environ- 
ment of the embryo, or of the mature fish, or it might be genetic in 
origin 

I The vitamin A pattern is not determined by the spawning en- 
vironment, though highly correlated with it 

a Viviparous dogfishes possess vitamm Ai alone, hhe many ovi- 
parous manne fishes 

b The eyes and livers of euryhaline fishes contain both vitamins, 
though each species spawns in either fresh water or m the sea 

c Tautog eye tissues contain predominantly vitamin A2, though 
this fish spawns in the sea 

II The vitamin A pattern is not determined by the sahnity of the 
adult environment 

a Salmonids which have never left fresh water still possess both 
vitamins A Their proportions m chinook salmon livers are es- 
sentially the same in yearling fresh-water fish and in mature animals 
just m from the ocean 

h The eel retains a great predominance of vitamin Ai after years of 
existence in fresh water, the alewife a predominance of A2 after years 
m the sea 

c The eye tissues of mature marine tautogs contain primanly 
vitamin A2 

III The vitamm A pattern is not determined by nutrition 
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a The vegetanan carp possesses the same pattern m its eye tissues 
as the carmvorous pickerel and cahco bass 
i Conversely, eels caught in the same pond as pickerel and cahco 
bass, and presumably shanng the same food, possess the reverse type 
of vitamin A pattern 

c Eels caught in salt marshes at the begmmng of their spawning 
migration seaward possess empty digestive tracts, havmg apparently 
ceased to feed After being kept subsequently in fresh water without 
food for an addihonal 4 months, they possess the same eye and hver 
vitamin A patterns as eels freshly caught in an inland pond 
I conclude that the vitarmn A configurations of both eye and liver 
are determined bv genetic factors Presumably these operate through 
speafic enryme systems which govern the conversion of dietary caro- 
tenoids, ultimately of plant origin, into the vitamins A 
The conditions of ateno and euryhahmty and the choice of spawning 
environment are also inhented We have to deal therefore with the 
correlation of two types of genetic character rather than with some 
labile functional relation The significance of this correlation is to 
be sought m the phytogeny rather than m the physiology of the fishes 
Considerable anatomical and paleontological evidence indicates 
that all fishes originated in fresh water (Smith, 1932) The ancestors 
of modem marme forms appear to have migrated to the sea pnnapally 
IS late Paleozoic and earij’ Mesozoic tunes (Romec and Grove, 1935) 
The modem fresh water fishes, however, may be divided mto two 
groups (1) those like the lung fishes which probably have continu 
ously occupied fresh water environments, none of these has yet been 
included in the present research, and (2) the modem fresh water 
teleosts, which, it is generallv agreed, have re entered fresh water 
from the sea In this sense the fresh water teleosts are secondarily 
denved from the marine teleosts, and so represent the most recent 
general evolutionary development among the fishes ’ 

The connection between this development and the distnbution of 
vitarmns A may be formulated tentatively as follows The ancestral 
fresh water fishes probably possessed vitamm Ai alone, and communi 
cated this to both their manne and terrestnal descendants This is 

’ I am greatly indebted to Professor A. S Romer of Harvard University for a 
cntical discussion of the phylogeny of the fishes 
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therefore the vitamin A almost universal among the vertebrates It 
may still be retained by the continuously fresh-water line of lung 
fishes In the modern teleosts two evolutionary trends emerge 
re-migration to fresh water, and assumption of vitamin Az metabolism 
Considering only the eye tissues, the stenohaline manne fishes, with 
few exceptions, have retained exclusively vitarmn Ai The steno- 
haline fresh-water forms have negotiated completely both migration 
and the transfer to vitamin Az The euryhahne fishes, which may 
be regarded as transitional m the migratory sense, possess intermediate 
mixtures of both vitamins A If the anadromous alewife, white perch, 
and salmomds may be considered to be further advanced m their 
evolutionary migration to fresh water than the catadromous eel, even 
these distinctions are reflected faithfully in the vitaimn A patterns 
(see diagram) The correlation between both these evolutionary de- 
velopments IS well nigh complete Yet apparently one may occur 
without the other, since the tautog has developed a predominantly 
vitamin As visual system without to our knowledge ever havmg left 
the sea 


Ancestral fresh-water fishes (vrtamin Ai?) 

Modern marine fishes (vitamin Ai) Terrestrial vertebrates (vitamin Aj) 

Catadromous fishes (predominantly Ai) 

Anadromous fishes (predominantly A^) 

\ 

Modern fresh-water teleosts (vitamin Aj) 



\ 

\ 


This situation offers a comparatively recent parallel to the altera- 
tion m muscle phosphagens associated with the origin of the verte- 
brates Alm ost, all invertebrate muscles possess argimne phosphate 
alone, an echinoderm {Strongylocentrotus) and a primitive chordate 
(Balanoglossus), both believed by some paleontologists to represent 
intermediate types in the progression from invertebrates to verte- 
brates, possess mixtures of arginine and creatine phosphates, and 
Amphioxus and the vertebrates possess creatine phosphate alone 
(Meyerhof, 1930®, Needham, Needham, Baldwin, and Yudkm, 1932) 


sp 93 
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Perhaps also comparable with the vitamin A situation is the syn 
thesis in certain fishes of tnmethyl amine oxide Hoppe Seyler and 
Schmidt (1927) have found this product m all marine fishes exanuned, 
but not a trace of it in fresh water forms It is significant, however, 
that among the latter the authors mdude the Atlantic salmon and the 
European fresh water eel This property therefore does not appear 
to be intermediate m the euryhaline fishes, and may, as the authors 
suggest, he a direct environmental response 
There is no evidence that any of these biochemical changes con- 
stitutes an evolutionary advantage The substitution of creatme for 
argimne, tnmethyl amine oxide for other nitrogenous end products, 
or vitamin A for Ai entails no obvious mcrease in fitness On the 
other hand the change from sea to fresh water or the assumption of a 
notochord arc not similarly mdifferent It is probably because they 
are genetically bound to such highly selective changes that these 
relatively neutral biochemical developments are perpetuated 

SUMMARY 

The distnbution of vitamins Ai and As has been determmed m the 
eye tissues and hvers of a number of fishes The vitamins were dif- 
ferentiated by means of the antimony chloride reaction, which yields 
with Ai a band at 61S-620 m^i and with As a band at about 696 mu 
In the retina the presence of vitamin Ai is diagnostic of the operation 
of a rhodopsm, and vitainm As of a porphyropsm cycle 
The ej e tissues of all permanently marine fishes examined, except 
the tautog, contain vitamm Ai alone Those of all permanently fresh 
water fishes possess only vitamin A Those of all euryhaline (po 
tentially migratory) fishes, except possibly the alewife, contam mix 
tures of both vitamins A, and always predominantly that one which 
ordinanly is assoaated with the environment in which the fish is 
spawned 

These correlations extend m part to the hver oils, but most hvers 
contain mixtures of both vitaimns A, and occasionally m proportions 
the reverse of those in the eye tissues 
The vitamin A configuration does not depend upon environmental 
circumstances, but is determmed genetically The transfer from w 
tamm Ai to Ai metabohsm appears associated phylogenetically with 
rmgration of manne teleosts into fresh water 
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CHANGES OF APPARENT IONIC MOBILITIES IN 
PROTOPLASM 

IV Influence of Guaiacol on the Effects of Sodium and 
Potassium in Nttella 

ByW J V OSTERHOUT 

{From the Laboratoner of The RockefetUr JniUtule for Medical Research) 
(Accepted for publication, November 10, 1938) 

Guaiacol not only changes the behavior of Valoma' and of Bal- 
tcysltsf hut, as this paper demonstrates, is hkewise potent in Nttella 
The results show differences as well as similanties m the three speaes 
and a comparison is instructive 

In normal cells of Nttella the effect of K.+ on the p D is so much 
greater than that of Na+ that normal cells are able to distmgmsh 
between K+ and Na+ in somewhat the fashion of a potassium electrode 
This abihty is greatly lessened by guaiacol (hereafter called HG 
for convemence) because it mcreases the effect of Na+ on p d but 
not that of K+ As a result Na’’" acts more like K+ 

This abihty is likewise lessened by leaching m distilled water which 
removes an organic substance (or group of substances) called for 
convenience’ R, In this case the effect of K+ is lessened but not 
that’ of Na+ 

In both cases the effects of K+ and Na+ are made to approach each 
other and their action on pji becomes more nearly identical 
The effect of HG shown in Fig 1 is fairly typical except that re 
covery is somewhat quicker than usual * 

' Osterhout, W J V , / G«i Physiol , 1936-37, 20, 13 
’Ostethout,W J V,/ Cen PAynof , 1937-38, 21, 707 
’ Osterhout, W J V , and Hill, S E , / Gen Physiol , 1933-34, 17, 105 Hill, 
S E , and Osterhout, W J V , 1937-38, 21, 541 

’ Osterhout, W J V, and Hill, S E.Prec Nat Acad Sc , 1938, 24, 427 
’ The experiments were performed on Nttella flexilis, Ag , using the technique 
employed m former papers (c/ Hull, S E , and Osterhout, W J V,/ Gen Physiol , 
1937-38,21,541) Temperature 20 to 25 C The cells were freM from neighbor 
417 
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At the start the p d is positive® to the extent of 100 mv When 
0 01 M NaCl 4- 0 025 m HG is apphed the P d begins to fall off so that 
the curve nses, suggesting that in the presence of B.G the behavior of 
Na+ becomes more hke that of K+ which has a strongly negativatmg 
effect ’’ 

This might be due to an increase in the mobility of Na+ in the 
outer protoplasmic surface, X (see Fig 2), or to an increase in its 
partition coefficient 5^3 (^Na = concentration of Na+ in X — con- 
centration of Na+ in external solution) 

Presumably we should then have the following situation m X 

X 

/ ^ s 

Region in equilibrium Region in equibbnum 
mth 0 001 u NaCl i\iti 0 001 m NaCl -fHff 

Pi 

We might assume that the falling off in p d caused by guaiacol is due 
to the inwardly directed (negative) diffusion potential® at Pi caused 
by the action of guaiacol in raising the value of or Such 
alterations do not seem improbable since HG changes mobihties in 
Valonta^ and in Haltcyshs * in Ntlclla partition coeffiaents can be 
changed by various means, c g by distilled water,® by action currents,® 
and by calaum 


ing cells and kept for 30 days or more at 15 ± TC m Solution A (c/ Osterhout, 
W J V , and Hill, S E , / Gen Physiol , 1933-34, 17, 87) These cells belonged 
to Lot B (c/ Hill, S E , and Osterhout, W J V , Proc Nat Acad Sc , 1938, 24, 
312, cf also Hill, S E , and Osterhout, W J V ,J Gen Physiol , 1937-38, 21, 541 
Osterhout, W J V , and Hill, S E , 7 Gen Physiol , 1938-39, 22, 139) They 
were kept at room temperature for about 2 hours before the experiment was 
performed 

There was no sign of injury in these experiments, the concentration of HG was 
in all cases 0 015 to 0 025 m (which gave similar effects) , the use of 0 03 u HG was 
avoided as it may be toxic in longer expenments 

It may be added that the cells are quite variable and in order to avoid con- 
fusion the presentation has adhered in general to the more tjqiical behavior 

® / e , the positive current tends to flow across the protoplasm from the sap 


to the external solution 

■'Osterhout, W J V, / Gen Physiol, 1929-30, 13, 715 Hill, S E, and 
Osterhout, W J V , / Gen Physiol , 1937—38, 21, 541 

8 Cf Osterhout, W J V , J Gc» Physiol , 1929-30, 13, 715 
8 Hill S E and Osterhout, W J V , 7 Gen Physiol , 1937-38, 21, 541 
10 Osterhout, W J V , and Hill, S E , 7 Gen Physiol , 1938-39, 22, 139 
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Fig 1 The effect of HC as shown b\ -x photographic record of chingcs. at C and 
D (Fig 2) at the start the spot f was in contact with 0 0! xr KCI 

U the start the p o at C (upper slnng) was 100 mv positive in 0 01 m NaCl 
When the solution was withdrawn from C the curve jumped to f the free grid 
potential of the amphticr When 001 ii NaCl + 0 025 xt HC? was applied at C 
the curve dropped back and then rose slowlj this slow rise was followed bv an 
action current with dcla>cd recover) the rccoven curve descends suddenl) giv 
ing a square topped action current 

The action current vvas propagated to D (lower string) here the action current 
has a normal appearance D was in contact with 0 01 ii NaCl 
Heavj time marks 5 seconds apart Temperature 26*C 


Y- 

V- 

X 


Sap 

11 t M I l ...i 


Cellulooe wall 


^Proto- 

plasm 





Fig 2 Diagram to show the arrangement of leads and the supposed structure 
of the protoplasm which is assumed to consist of an aqueous lavee U an outer 
non iqueous lav er \ and an inner non aqueous laj er I 

The arrows show the outwardiv directed (positive) p d who e scat is supposed 
to be chief!) at J when the cell is in pond water hence the r d at \ is regarded as 
negligible and is not shown But undersome conditions the r d at \ mav become 
important 

Each lead is connected to a separate amplifier and to one stnng of the 3 string 
Emthoven galvanometer 
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As IS evident from previous papers,’ ” we can tell whether is 
altered if we measure the concentration effect An increase of 
would increase the concentration effect, but an increase of would 
not do so The concentration effect was measured, as shown in Fig 3 
Before applying RG the substitution of 0 01 m for 0 001 m NaCl (and 
vice vcisa) gives 23 2 ±09 mv (22 observations) From this we 
calculate, by methods described in a previous paper,® the value of 
Rjvt as 2 33 A similar measurement, made after the application of 
HG and the resulting action current, is illustrated in Fig 3 The 



Fig 3 Action of HG on the concentration effect of NaCl as sho^\n b\ a photo 
graphic record of changes mm at C (Fig 2) which at the start was in contact 
w ith 0 001 jt NaCl (F was in contact with 0 01 m KCl) 

When 0 01 it NaCl was applied the curve rose 18 mv When 0 01 it NaCl + 
0 025 II HC w'as applied the curve rose slowly and an action current occurred 
When 0 001 ii NaCl + 0 025 it HG was applied the curve fell 48 mv 
Heavj' time marks 5 seconds apart Temperature 22°C 
Regarding F see Fig 1 

average of 39 observations*’ is 44 0 ±07 mv From this we get 
= 7 30, a value considerabl}' higher than before RG ivas applied 
The change from tiNa = 2 33 to = 7 30 makes the p d more 
negative The amount can be calculated as follo\vs 

Since in the presence of HG the behavior of Na + is somewhat like that of K + 
w'e may for purposes of calculation regard it as playing the role of K+ Hence 
replacing 0 01 m NaCl with ;/Na = 2 33 by 0 01 m NaCl with nN„ = 7 30 might be 
regarded as equivalent to replacing 0 01 it NaCl by 0 01 it KCl If in the latter 


** Hill, S E , and Osterhout, W J V , Froc Nat Acad Sc , 1938, 24, 312 
*’ This does not include certain low values obtained directlv after the spike on 
passing from 0 001 u to 0 01 at NaCl, see Fig 4 It includes values obtained on 
passing from 0 001 m to 0 01 M NaCl and vice versa taken later on in the course of 
the action current, see p 422 
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case the concentration of Cl“ m \ remains constant v.e have according to Hen 
derson s equation (at 20 C ) 

+ ^c\ 

Change of p j) = 58 log : 

+ »CI 

Substituting the numerical values'^* of «n "c have 

7 30+1 

Change of p n «= 58 log ^ = 23 mv 

Evidently the change from = 2 33 to 1 %^ = 7 30 can make the 
p D 23 mv more negative A& this is not enough to account in all 
cases for the total upward movement of the curve dunng its slowly 
rising phase it seems probable that has also increased This is 
shown to be the case by measurements of the potassium effect (t e 
the change m p d observed on substituting KCl for NaCl) which will 
be discussed later (p 426) 

We might therefore attribute the upward movement of the curve 
in Its slowly rising phase in Fig 1 to the increase’* in *^Nt 

But we find that in some cases curves somewhat resembling the upper 
curve in Fig 1 are obtained on applying 0 02 m HG in tap water 
The cause of this is not clear it might be regarded as an effect of 
HG on Y (Fig 2) but it would then be necessary to assume a very 
rapid penetration of HG in such cases 
When the p d has fallen off sufficiently’'^ in the slowly rismg phase 
of the curve an action current” occurs This is probably due, as 
explamed in a previous paper,® to a discharge from a neighboring 
region and an exit of substances from the sap in that region If 
these substances diffuse along (Fig 2) to the spot m contact with 
guaiacol the> maj cause an action current at that spot 

As m pre\ lous papers we put rci — f ^ footnote 8 
” This increase m also occurs when the cell is m contact with 

0 001 u or 0 01 M KCl when the curve does not rise (Fig 5) 

When 0 001 m NaCl + HG does not depress the p d sufficientlj to cause an 
action current subsequent application of 0 01 m NaCl + HG will do so Or elec 
tncal stimulation may be applied 

This IS frequentl> propagated along the cell (Fig 1) 

As would be expected an action current can be produced at an> time during 
the slowl> rising phase of the curve (F ig 1) by electrical stimulation This resera 
bles the action current which occurs without such electneal sUmulation 



422 


IONIC MOBILITIES IN PROTOPLASM IV 


The clcla^ in recovery may be due to the action of HG upon Y 
(Fig 2) The long dela} in recovery and the sudden descent of the 
curve in recover! . giving “square topped” action curves, recalls the 
situation 111 cells treated with guanidine 
We suppose'® that the action current involves a loss of p d at Y 
(Fig 2) If F recovers its noimal p d we expect in the present case 
onh partial reco! er! since in the presence of HG NaCl acts upon A" 
(Fig 2) somewhat like KCl (because either or or both have 
increased) and thus produces an inwardl} directed (negative) p d 
vliicli lessens the net total outwardh directed (positive) p d Hence, 
in Fig 1, the le!el of the curve after recovery is higher than before 
HG vas applied It would be still higher but for the fact that after 
recover! and fall off -® the cause of this is not clear 
It ma! be added that during the action curve seen in Fig 1 the 
stimulated region no longer appears to act as a condenser when tested 
in a Wheatstone bridge as described by Blinks This applies also 
to the action curve in 0 001 M KCl seen in Fig 6 In both these 
cases !! e mav suppose that F (Fig 2) has lost its p d and a great part 
of its resistance 

An interesting result is seen m Fig 4 where 0 001 M NaCl is replaced 
b} 0 001 Ji NaCl + HG After a slov rise in the curve an action cur- 
rent occurs and 0 001 M NaCl -b HG is then replaced b! 0 01 M NaCl 
4- HG and the curve quickh rises 32 mv On the basis of vhat has 
alread! been said regarding Fig 3 ve should expect a nse of about 
44 mv When the solution is changed back again to 0 001 m NaCl -}- 
HG the curx'e docs not go back to the former level but drops much 
lo!! er the total drop is 44 mv which is about what v ould be expected 
according to the discussion of Fig 3 (p 420) - 

Osterhout, W J A , and Hill, S E , Some wavs to control bioelectncal be- 
havior, in Cold Spring Harbor s!mposia on quantitative biologv, Cold Spring 
Harbor, Long Island Biological Association, 1936, 4, 43 See also, Hill, S E , 
and OMcrhout, W J V , ^ Gen Physiol , 1938-39, 22, 91 
'® Osterhout, AV J A ,/ Gen /’//vjm/ , 1934-35, 18, 215 
®®This IS shown by measurements of the concentration effect of NaCl and of 
the potassium effect (on tlie assumption that ^'k and »k remain constant as stated 
on p 424) 

Blinks, L R , / Gen Phvsiol , 1929-30, 13, 495, 1936-37, 20, 229 See also 
Cole, K S , and Curtis, H J , 7 Giii Phvsiol , 1938-39, 22, 37 

" This behavior of 0 01 m NaCl is not seen w hen it is applied soon after tlie spike 
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This can be accounted for if we assume^ that when 0 01 M NaCl 
+ HG IS applied just after the spike of the action current some of it 
penetrates A (Fig 2) This seems probable because the experiments 
of BUnks^^ and of Cole and Curtis®^ show that just after the spike of 
the action current the protoplasm becomes very permeable Evi 
dently the NaCl which penetrates sets up an outwardl} directed 
(positive) p D against A’’ opposing the inwardlv directed p d due to 
the 0 01 M NaCl outside and in consequence we find less than the 
expected effect After this, however, each change of concentration 
in either direction produces its full effect ^ (t c the increased concen 
tration effect of 45 to SO mv ) and the only effect of the NaCl which 
has penetrated to the region just inside A is permanently to lower 
the level of the curve 

In striking contrast to all that has been said about Na+ is the be 
havior of K.+, as seen ® m Fig 5 Here HG has practically no effect 
When the cell is stimulated electrically we get an action curve (Fig 6) 
The delay in recovery may be due to the action of HG upon Y (Fig 2) 
In the absence of HG electrical stimulation in 0 001 ii KCl produces 
a normal action curve with recover) in about 20 seconds * 


of an action current produced b> electrical stimulation ^hen the cell is m contact 
with 0 001 M KCl -V- 0 02 M HG Apparentb the protoplasmic surface is then 
in a different state (see p 425) 

If this assumption is not made we must suppose that the low concentration 
effect just after the spike of the action current means a value for «^a about equal 
to the normal (t e about 2 33) The slow rise in the cur\e preceding the spike 
in the action current would then be attributed to a nse m rather than in «Nt 
The increase in the concentration effect observed at the second application of 0 01 
u NaCl after the spike might be attnbuted to a sudden nse in due to sub 
stances moving from the sap to \ (c/ footnote 9) 

* Such values are included in the average of 44 mv given on p 420 

* In some cases the curve after the spike of the action current drifts slowly 
downward when the cell is in contact with 0 001 u NaCl or 0 01 iiNaCl this may 
indicate penetration 

A similar result is obtained in 0 01 u KCl 

’ In a few cases the curve rises somewhat when HG is applied and an occasional 
cell IS found in which K'*’ acts very much like Na'*' In some cases the curve falls 
somewhat under the influence o! HG and rises somewhat above its onginal level 
when HG is removed 

2®Os.tcrhout W J V,/ Gen Pkysxol 1934-35 18,215 



424 


IONIC MOBILITIES IN PROTOPLASM IV 


If or 5 k were changed by HG the level of the curve in Fig 5 
would change Since there is little change we may conclude that 
jik Ji-nd 5 k remain almost constant This is confirmed for «k hy 
the following measurements 
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Fig 4 Action of HG on the concentration effect of NaCl and on the potassium 
effect as shown by a photographic record of changes of p d at Z? (Fig 2) The 
spot F \^as in contact ^\ith 0 01 m KCl 

At the start the pd was 94 mv positive in 0 001 NaCl When 0 001 ii 
NaCl + HG vas applied the curve rose slowly this vas followed by an action 
current When 0 01 st NaCl + HG vas applied the curve rose 32 m\ When 
0 001 M NaCl + HG v as applied the curve fell 50 mv W hen 0 01 NaCl + HG 
was applied the curve rose 45 mv (this solution was removed and again applied) 
\Vhen 0 01 m KCl + HG nas applied the curve rose 18 mv and returned to the 
previous level when 0 01 m NaCl + HG was applied (potassium effect) 

The concentration of HG v as 0 025 m in all cases Heavv time marks 5 seconds 
apart Temperature 23°C 
Regarding F see Fig 1 


Before HG is applied the potassium concentration effect (change of 
0 001 M to 0 01 M KC1-® and vice versa) is 48 5 ± 0 7 (33 observations) 

2® Large values due to action currents are rejected Cf footnote 9 
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dunng exposure to HG it is 44 2 ±03 (41 observations) before and 
45 8 ± 0 6 (44 observations) after electncal stimulation This in 
dicates that little or no change m «i; is produced b> HG Taking as 
a general average 46 1 we get® Hr = 8 76 
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Fig 5 Contrasting effects of HC m the presence of NaCl and KCl as shown 
bv d photographic record showing behavior of pd at C and D (Fig 2) At 
the start C was in contact with 0 001 m NaCl, D with 0 001 u KCl and F with 
OOluKCl 

When 0 001 m NaCl at C (upper string) was changed to 0 001 m NaCl + 0 02 u 
HG there w as a slow rise of the curve followed b> an action current This did not 
happen when 0 001 m KCl at D (lower string) was replaced b> 0 001 u K.C1 -f 
0 02 u HG 

Heavy time marks 5 seconds apart Temperature 23 C 

Regarding F see Fig 1 



Fig 6 Effect of electncal stimulation as shown bj a photographic record 
changes of P D at C (Fig 2) C was m contact with 0 001 m KCl + 0 02 u HG F 
was in contact with 0 01 u KCl 

When electrical stimulation was applied at S (Fig 2) an action current oc 
curred at C (the preliminaiy part of the action curve is due to leakage) Recovery 
w as dela> ed 

Heavj time marks 5 seconds apart Temperature 23 C 

Regarding F see Fig 1 


